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ABSTRACT
The effects of Arodor®1242 exposure on developing amphibians were examined by exposing 
southern leopard frogs, Rana sphenocephala, to a contaminated diet throughout the larval period. 
Treatment groups consisted of an untreated control, a solvent control, 17p-estradiol, and three PCB 
doses (10, 100, and 1000 ng/g). PCB accumulation and biotransformation were examined. Effects of 
PCB exposure on metamorphosis and sexual differentiation were assessed.
PCB accumulation was not statistically different between the egg masses. Levels of PCBs in the 
tissues differed in a dose related manner. Within treatments, body weight appeared to be the major 
factor correlated with PCB concentration. Congener patterns varied between Aroclor*1242 and tadpole 
tissues. Hydroxybiphenyls were not detected in individual tadpoles, but were present in pooled samples.
Mortality was similar among the treatment groups. The untreated food control had slightly higher 
mortality. The effects of Aroclor*1242 exposure differed between the egg masses. From the first egg 
mass, there were no treatment differences in the proportion of survivors metamorphosing. Treatment 
with 17p-estradiol affected sexual differentiation relative to the controls. Exposure to Aroclor*1242 had 
no effect. This may be due to the nature of gonadal maturation in this population, which was entirely 
female. In the second egg mass, PCB treatment was associated with an increased rate of 
metamorphosis in the highest dose. The high dose significantly (a=.05) altered sexual differentiation 
relative to the solvent control (88%female). This effect was similar to 17p-estradiol treatment (94% 
female). Exposure to high and medium doses of PCBs produced five individuals with asynchronous 
gonads.
The effect of body weight on PCB levels may be a result of greater ingestion of the 
contaminated diet by larger animals, relative to their smaller siblings. The apparent stimulation of 
metamorphosis in the second egg mass by PCB exposure may be due to an endocrine disrupting effect 
on the corticosterone “stress’ axis. A thyroid-mediated mechanism of effect is also possible. While the 
effects on sexual differentiation may be due to estrogenic activity, a corticosterone-like effect cannot be 
ruled out. Higher level endocrine function, such as feedback regulation, could also be affected.
Mary J. Rybitski; College of William and Mary, Virginia Institute o f Marine Science, Gloucester 
Point. VA  23006 ( Advisor. Robert C. Hale )
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ABSTRACT
Aroclor*1242 is a polychlorinated biphenyl (PCB) formulation reported to have toxic 
effects, including endocrine disrupting activity. To examine its effects on developing amphibians, 
two field collected egg masses of the southern leopard frog, Rana sphenocephala, were exposed 
to an Aroclor*1242 contaminated diet throughout the larval period, approximately eight months. 
Treatment groups consisted of an untreated food control, a solvent control, 17^-estradiol, and 
three PCB doses (10, 100, and 1000 pg/g). A method was examined to analyze underivatized 
hydroxylated PCB metabolites. PCB accumulation and biotransformation were examined and the 
relationship between developmental stage and body burdens was considered. Effects of PCB 
exposure on metamorphosis and sexual differentiation, both endocrine controlled events, were 
assessed.
PCB accumulation was not statistically different between the two egg masses. Levels of 
PCBs in the tissues differed among treatments in a dose related manner. PCB levels increased 
with increasing developmental stage, although body weight appeared to be the major factor 
correlated with concentration. Congener patterns varied between Aroclor*1242 and tadpole 
tissues, possibly indicating selective bioaccumulation and metabolism. No hydroxybiphenyls were 
detected in individual tadpoles due to the small size of the animals and the resulting detection 
limits. The congeners were present in pooled samples, indicating metabolism of di-, tri-, and 
tetrachlorinated PCBs.
Mortality was similar among the treatment groups, including the solvent control. The 
untreated food control had slightly higher mortality, perhaps due to an inferior diet. The effects of 
Aroclor*1242 exposure differed between the two egg masses. From the first egg mass, there 
were no treatment differences in the proportion of survivors metamorphosing. While treatment 
with 17(3-estradiol affected sexual differentiation relative to the controls, exposure to Aroclor*1242 
had no effect. This may be due to the nature of gonadal maturation in this population, which was 
entirely female. In the second egg mass, PCB treatment was associated with an increased rate of 
metamorphosis in the highest dose. The high dose of Aroclor®1242 significantly (a=.05) altered 
sexual differentiation relative to the solvent control, forcing a predominantly female population in 
this treatment group (88%). This effect was similar to that of the 17{1-estradiol treatment (94% 
female). In addition to deviations from the control sex ratio, exposure to high and medium doses 
of PCBs produced five individuals with asynchronous gonads.
The effect of body weight on PCB levels may be a result of greater ingestion of the 
contaminated diet by larger animals, relative to their smaller siblings. The apparent stimulation of 
metamorphosis in the second egg mass by PCB exposure may be due to an endocrine disrupting 
effect on the corticosterone “stress’ axis. A thyroid-mediated mechanism of effect is also 
possible. While the effects on sexual differentiation may be due to estrogenic activity, a 
corticosterone-like effect cannot be ruled out Higher level endocrine function, such as regulation 
of feedback, could also be affected. Further studies examining the timing of sexual differentiation 
and naturally occurring sex ratios of a larger sample of morphotypes are needed to adequately 
assess population level effects of PCB exposure.
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CHAPTER I
GENERAL INTRODUCTION
Many anthropogenic compounds are capable o f disrupting the endocrine system of 
exposed animals (Reijnders et al., 1992). Organochlorines, a family o f environmentally 
ubiquitous pollutants, are well represented among these compounds. Effects attributed to 
organochlorine exposure in males include altered testosterone metabolism in fish 
(Freeman et al., 1982) and reduced testosterone levels in marine mammals 
(Subramanian et al., 1987). An inverse correlation between polychlorinated biphenyls 
(PCBs) and p,p’-DDE concentrations and sperm motility index in human males has also 
been documented (Bush et al., 1986). Red-eared slider turtle eggs which had been 
painted with PCBs and incubated at predominantly male-producing temperatures, instead 
produced strongly feminized animals with partial sex reversal termed “intersex" (Bergeron 
et al., 1994). Female Atlantic croaker exposed to Aroclor® 1254 exhibited reduced 
ovarian growth and steroidogenesis (Thomas, 1989).
Embryological effects o f PCBs have also been noted. Increased egg mortality in 
cormorants was correlated with presence o f coplanar PCB residues (T illitt et al., 1992). 
Offspring o f women who regularly consumed fish from contaminated Lake Michigan had 
shortened gestations, reduced birth weight, smaller head circumference and 
compromised neuromuscular development (Jacobson et al., 1990). Organochlorine 
exposure has been implicated in population declines o f common seals (Reijnders, 1986), 
beluga whales (Martineau et al., 1985) and American alligators (Guillette et al., 1994). In 
addition, mudpuppies, Necturus maculosus, from organochlorine polluted sites
2
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3demonstrated deficiencies in the ability o f the “stress” axis to recover from the initial stress 
of capture (Gendron et al., 1995).
PCBs are a class o f organochlorine compounds which were manufactured in the 
United States under the trade name Aroclor®. They are characterized by low water 
solubility, high dielectric constants, low vapor pressures, and low flammability. Because of 
these properties they were used in hydraulic fluids and lubricants, transformers and 
capacitors, and fire retardants (Borlakogiu and Haegele, 1991). The United States banned 
the manufacture of PCBs in the 1970s. They were not used as pure compounds, but as 
complex mixtures of structural isomers called congeners. Because of variation in the 
chlorine substitution pattern around the two phenyl rings (Fig. 1), there are 209 possible 
congeners. In the environment, less than 100 congeners account for most o f the PCBs 
detected in sediment and biota samples (Duinker and Hillebrand, 1983).
The pattern of chlorine substitution plays a major role in the bioaccumulation and 
relative toxicity o f individual congeners. Studies have shown that congeners having two or 
more chlorine atoms in the ortho position are highly resistant to degradation (Zell and 
Ballschmiter, 1980). Two adjacent unsubstituted carbon atoms appear to be necessary for 
the facile oxidative breakdown o f the PCB molecule (Boon and Eijgenraam, 1988; O liver 
and Niimi, 1988). Toxicoiogical studies have demonstrated that the most toxic PCB 
congeners are those having chlorine atoms in the meta and para positions o f both rings. 
Non-ortho substituted congeners are called coplanar congeners because their 
substituents are capable o f lying in the same plane. The coplanar congeners have been 
shown to have dioxin-like toxicity and are strong inducers o f the cytochrome 
P450-dependent monooxygenase activities o f both aryl hydrocarbon hydroxylase (AHH) 
and ethoxyresorufin-o-deethylase (EROD) (Lazar et al., 1992; Skaare et al., 1991; 
McFarland and Clark, 1989). In addition to the pattern of substitution, the degree of 
chlorination contributes to accumulation. Studies indicate that the lower chlorinated
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4Figure 1. Structure and numbering of a polychlorinated biphenyl molecule. Chlorine 
atoms can be substituted at any or all of the numbered positions.
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5congeners are more easily metabolized via oxidative pathways, while binding of the higher 
chlorinated congeners to sediments may reduce bioavailability (McFarland and Clark,
1989).
Once believed to be recalcitrant, it has now been shown that PCBs do in fact 
degrade, both photochemically and metabolically (Safe et al., 1976) . Breakdown o f these 
lipophilic compounds produces a variety o f more polar metabolites, such as hydroxylated 
PCBs, dihydrodiols and catechols, phenolic conjugates, glutathione conjugates and 
methyisulfonyl metabolites (Noren et al. 1996; Moore et al. 1997). W hile these 
degradation products are the result o f “detoxifying” enzyme activity, the metabolites may 
be more toxic than the parent compound. This might be attributed to greater aqueous 
solubility which could facilitate migration and increase membrane interactions o f the 
metabolite (Korach et al., 1988; Higson and Focht, 1989). Much attention has focused on 
one form of metabolite, hydroxylated biphenyls (hydroxybiphenyls, biphenylols).
Korach et al. (1988) demonstrated the ability of some polychlorinated 
hydroxybiphenyls to bind to soluble uterine estrogen receptor protein. In nature, when 
activated by ligand, the receptor complex binds to DNA and regulates transcription of 
specific genes (Norman and Litwack, 1987). The affinity of hydroxybiphenyl binding to the 
estrogen receptor was dependent on the structural similarity to estradiol and the degree of 
conformational restriction around the interring bond. Using structural analysis and the rat 
uterine weight bioassay, they concluded that compounds which contain a phenolic ring 
system and are conformationally restricted by the presence of ortho-chlorines and other 
substituents are the most estrogenic. Further studies using a PCB mixture (Aroclortg) 
1242) and specific congeners confirmed that the mixture and ortho-substituted congeners 
were estrogenic, causing increased uterine weights in exposed rats.
In addition to effects on the reproductive axis, hydroxylated PCBs have been 
shown to interfere with the thyroid axis by competing with thyroxine for binding sites on
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6transthyretin, a thyroid hormone binding protein (Brouwer et al., 1990). Organochlorine 
pollutant exposure was associated with a reduced response of the mudpuppy, Necturus 
maculosus, interrenal gland to stimulation with adrenocorticotropic hormone (Gendron et 
al. 1995). Higher level endocrine function may also be disrupted by PCBs and their 
metabolites. Exposure to Aroclor® 1242 caused cultured anterior pituitary cells to exhibit 
enhanced gonadotropin responses to gonadotropin-releasing hormones, a response 
sim ilar to that of estrogen exposure (Jansen et al., 1993). Aroclor® 1242 contains PCB 
congeners found in Chesapeake Bay biota and sediments (Hale and Smith, 1996; Rybitski 
et al., 1995).
Amphibians are currently experiencing global population declines and extinctions. 
Although habitat destruction is an important factor, populations in remote, protected 
locations are also disappearing. W hile researchers are examining the role o f disease, 
ultraviolet light and acid rain in this phenomenon, few studies have been published 
regarding the potential impact o f hormonally active pollutants on amphibian populations. 
Amphibians may be especially vulnerable to toxic effects o f pollution because of their 
characteristic aquatic and terrestrial life cycle. In addition to gills in the larvae, amphibians 
have an epidermis which freely exchanges ions with the environment and they have been 
shown to bioaccumulate pollutants (Safe et al., 1976; Russell et al., 1995). Much of 
amphibian development occurs in the external environment and amphibian larvae have 
been reported to be particularly sensitive to toxicant exposure during key developmental 
events (Sarokin and Schulkin, 1992). These factors, combined with the catastrophic rate 
o f amphibian population declines, lead one to wonder if amphibians may be serving as 
indicator species of general global health. In addition to this potential sentinel role, 
amphibians constitute an important part of the food chain. They feed on plants, 
invertebrates, and small vertebrates and are preyed upon by fish, reptiles, birds, and 
mammals.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Information about PCB exposure in amphibians is limited (Power et al., 1989). 
Aroclor® 1254 was found in the waterdog, Nectums lewisi, from North Carolina in the low 
ppm range (Hall et al., 1985). PCB residue levels in bullfrogs (Rana catesbeiana), 
southern leopard frogs (R. sphenocephala) and bronze frogs (R. clamitans) from Oxbow 
Lakes, Louisiana were below the detection lim it o f 0.20 ppm (Niethammer et al., 1984). 
Dowd et al. (1985) found low ppm levels in Rana species from Louisiana, as did 
researchers in Spain using R. perezi (Rico et al., 1987). More recently, PCB tissue totals 
of 3-154 ng/g were reported in northern leopard frogs from Green Bay, W l. These levels 
may be artificially low, however, as the livers were removed from the carcasses prior to 
analysis (Huang et al. 1999). The effects o f these contaminants at the observed levels are 
unknown.
Ingestion of contaminated food may be a major source of pollutants to frogs. PCBs 
have been shown to bioaccumulate via trophic transfer (Borlakoglu and Haegele, 1991). 
Adult frogs feed primarily on invertebrates, although large specimens have been known to 
eat small vertebrates as well (Martof et al., 1980). Tadpoles are specialized feeders which 
remove algae and particulate matter from the water column and substrate (Porter, 1972). 
PCB residues have been documented in all of these food sources (Sanders and 
Chandler, 1972; Mayer e ta l., 1977; Larsson, 1987).
Ranid frogs are excellent models for studying the effects of exogenous 
steroidogenic substances. The typical vertebrate neuro-endocrine relationships between 
the environment, central nervous system, adenohypophysis, and endocrine organs are 
present (Lofts, 1974). In anuran amphibians, there are two major events controlled by the 
endocrine system; sex differentiation and metamorphosis. Although gonadal sex 
determination is genetically controlled, the differentiation o f the gonads is influenced by 
sex steroids (Hayes, 1998).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Gonadal development o f the bullfrog, R. catesbeiana, has been detailed by 
Swingle (1926), who demonstrated the existence of local races. These races can be 
divided into two types. The first type, called differentiated races, posses gonads which are 
readily distinguishable as female or male in early larval stages. Frogs o f the 
undifferentiated races, in contrast, have a morphologically indifferent organ during a 
portion of the larval period. This organ, termed a progonad, develops directly into an ovary 
in females. In males, however, a type of indirect testis formation occurs. The definitive 
testis develops as a central core o f tissue within the degenerating progonad, now called a 
protestis. Residual germ cells from the protestis enter the definitive testis and become the 
spermatogonia. Although Puckett (1940) confirmed the findings o f a protestis in R. 
catesbeiana, ovarian differentiation was also observed in larval stages. Some populations 
of the European common frog, R. temporaria, were reported to metamorphose as 
females, with differentiated ovaries. Males resulted from postmetamorphic transformation 
of the ovaries into testes (W itschi, 1921; 1930).
The anuran reproductive system is similar to other vertebrates in both structure 
and endocrine control. The mature testis is composed o f seminiferous tubules 
interspersed with interstitial tissue. Maturing spermatids bundle together and embed their 
heads in the cytoplasm of the Sertoli cells which line the seminiferous tubules. Androgen 
secreting Leydig cells are located in the interstitial tissue. The mature ovary is composed 
of developing oocytes surrounded by hormone secreting follicle cells. Other structures 
derived from the follicles, such as corpora atretica and corpora lutea may also be seen in 
sectioned ovaries. Unlike that o f viviparous animals, the corpus luteum  o f oviparous 
anurans is very transient and is quickly resorbed (Lofts, 1974). The functional activity of 
both male and female anuran gonads is controlled by the pituitary. The pituitary is subject 
to central nervous system regulation, mediated through the hypothalamus. Ovarian and 
testicular dependence on pituitary gonadotropin secretion is well established in
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9amphibians (Lofts, 1974). In mammals, two peptide hormones secreted by the pituitary 
adenohypophysis regulate gonadal function. Follicle-stimulating hormone (FSH) 
stimulates development of the ovarian follicle in the female and maturation of 
spermatozoa in the male. Luteinizing hormone (LH) induces ovulation in the female and 
regulates the secretory activity of interstitial tissue in the male (Norman and Litwack, 
1987). Analogs to these mammalian pituitary gonadotropins have been described in R. 
catesbeiana by Licht and Papkoff (1974).
Under the influence o f LH, the Leydig cells o f the testes produce testosterone, a 
19 carbon steroid hormone. Binding o f LH to surface receptors on the Leydig cell initiates 
side-chain cleavage of cholesterol in the mitochondria. Subsequent conversion of 
pregnenolone to testosterone proceeds in the microsomal fraction o f the cell via five 
enzymatic steps. Biological functions of testosterone include maintenance o f a functional 
male reproductive system, development and regulation o f secondary sex characteristics 
and behavioral manifestations associated with reproduction (Norman and Litwack, 1987).
The follicle cells of the ovary, under the influence of FSH and LH, secrete 18 
carbon estrogens or 21 carbon progesterones. In mammals, progesterone is secreted by 
the follicle cells after they have transformed into the corpus luteum  (Norman and Litwack, 
1987). There is little evidence of endocrine function of the corpus luteum  in oviparous 
amphibians. The follicle cells of anurans produce estradiol early in the season, before 
breeding begins. They then switch over to the production o f progesterone, which is 
necessary for maturation and ovulation of the oocytes (Lofts, 1974). Biological functions of 
estrogens include maintenance of a functional female reproductive system, development 
and regulation o f secondary sex characteristics and behavioral manifestations associated 
with reproduction (Norman and Litwack, 1987). Additional effects o f estrogens in adult 
female frogs include induction o f the liver to synthesize vitellogenin (the precursor o f the
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yolk protein o f the oocyte) and mobilization of lipids fo r deposition in the growing oocytes
(Lofts, 1974).
The effects o f exogenous steroids on gonadal differentiation in anuran larvae vary 
with species (Hayes, 1998). In the Ranidae, treatment o f larvae with androgens produces 
males. The effects of estrogen administration are dose-dependent. At doses o f 20-100 
pg/l, estrogen exposure produces complete feminization of all tadpoles. In contrast, 
exposure to 1000-5000 pg/l o f estrogen has a masculinizing effect. Both sexes, as well as 
intersexes, are produced by intermediate doses (Richards and Nace, 1978). In order for 
exogenous hormones to be effective in directing differentiation, exposure must occur 
during a critical time frame, i.e. during gonadal differentiation. Richards and Nace (1978) 
determined that in the northern leopard frog, Rana pipiens, this period was from Taylor- 
Kollros (1946) stage I to VII (for females) or IX (for males).
These hormonal effects on differentiation have been confirmed in R. catesbeiana. 
Puckett (1939, 1940) found no effect o f estrogens or androgens on undifferentiated 
gonads o f bullfrog tadpoles when administered alone. When these hormones were given 
in the presence o f pituitary extract, however, the gonads rapidly developed and 
differentiated according to  the hormone used. Exposure to an estrogen resulted in 
tadpoles with ovaries or intersex organs, while exposure to an androgen produced testes 
or intersex organs. Pituitary extract alone caused the larval gonads to develop rapidly, but 
in a 1:1 female to male ratio. From this, Puckett concluded that the lack of effect due to 
estrogen or androgen exposure alone was a result o f the short exposure time relative to 
the long period o f differentiation in bullfrog tadpoles. He suggested that exposure to sex 
hormones over a much longer period o f time would modify the slowly differentiating gonad 
in the same manner as described above. The masculinizing effects of high doses o f 178- 
estradiol on R. catesbeiana tadpoles have been confirmed by Hsu et al. (1978 a.b).
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Compounds which mimic estrogen could have effects similar to exogenous steroid
treatment.
Metamorphosis is another complex process controlled by endocrine hormones. 
Duellman and Trueb (1986) define metamorphosis as “a series of abrupt postembryonic 
changes involving structural, physiological, biochemical, and behavioral transformations'1. 
The major endocrine organ controlling metamorphosis is the thyroid. The primary product 
of the thryroid is thyroxine (T4; 3,5,3’,5’ tetraiodothyronine). This hormone can be 
enzymatically converted to the more potent T3 (3,5,3’ triiodothyronine). As anuran 
metamorphosis progresses, these hormones mediate a series of events, such as tail 
regression, intestinal reorganization, and foreleg emergence (Hayes, 1995a; Duellman 
and Trueb, 1986).
W hile the thyroid is generally considered the primary mediator of metamorphosis, 
other endocrine organs may play a role in moderating its effects. Hayes (1995b) has 
shown that the interrenal glands contribute to many of the changes associated with 
metamorphosis, especially those involving regression of larval tissues. Three interrenal 
steroids have been identified in amphibians; corticosterone, hydrocortisone (cortisol), and 
aldosterone. The effects of the corticoids on metamorphosis vary with developmental 
stage, causing inhibition early in development and acceleration later in development 
(Hayes et al., 1993).
Both the thyroid and the interrenal glands are under control o f the pituitary. 
Prolactin antagonizes the activity of thyroid hormones. In addition, the adenohypophysis is 
the source of thyroid-stimulating hormone (TSH) and adrenocorticotropic hormone 
(ACTH), hormones which regulate the activity o f the thyroid and interrenals. The pituitary 
is in turn controlled by the hypothalamus (Duellman and Trueb, 1986). The interaction of 
corticosteroids with thyroid hormones may occur at the hypothalamus level, affecting 
feedback regulating mechanisms (Denver, 1993; Denver and Licht, 1989). Alternatively,
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corticoids have been shown to interact with thyroid hormones more directly by affecting 
the conversion rate o f T4 to T3 (Hayes and Wu, 1995). Estradiol may also affect 
metamorphosis at the hypothalmo-pituitary level by affecting the activity of TSH, thereby 
altering pituitary stimulation of the thyroid (Gray and Janssens, 1990; Hayes, 1997a).
Environmental factors such as crowding, food availability and temperature are 
known to affect amphibian metamorphosis (Hayes, 1997b; Denver, 1997). This 
modulation of development could be due to direct effects on larval tissues, altering the 
rate of biochemical reactions. Alternatively, environmental factors could affect the 
endocrine organs via neuroendocrine (hypothalamo-pituitary) translation (Denver, 1997). 
PCBs and hydroxybiphenyls have been shown to have direct effects, binding directly to 
estrogen receptors (Korach et al., 1988) and affecting transport o f thyroxine (Brouwer et 
al., 1990). Higher level effects, such as altered pituitary cell function have also been 
demonstrated in response to PCB exposure (Jansen et al., 1993).
The southern leopard frog, Rana sphenocephala, named for its characteristic 
dorsal spots, is one o f the most common frogs in the eastern United States. It occurs 
from southern New York to the Florida Keys, westward to Texas and eastern Oklahoma, 
and north to east central Kansas (Behler and King, 1979). The leopard frog inhabits 
ponds, ditches, and swamps, as well as the margins o f lakes and streams. It forages on 
land, primarily for insects, and often travels far from water. Breeding occurs in late winter 
or early spring. Occasional clutches are found in the fall. Eggs are deposited as firm 
clusters attached to vegetation in shallow water. The eggs hatch in one to two weeks and 
the tadpoles metamorphose approximately three months later. The southern leopard frog 
belongs to the Rana pipiens complex, a group of closely related species. Members o f this 
group are widely used as experimental animals and available from commercial sources. 
Much of the developmental biology has been described and baseline steroid sex hormone 
profiles have been published for this group (Taylor and Kollros, 1946; Richards and Nace,
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1978). The endocrine control o f metamorphosis has also been described in detail 
(Duellman and Trueb, 1986).
Although bio-indicators such as induction of the mixed function oxygenase system 
indicate exposure to pollutants, direct biological responses are not observed (McMaster et 
al., 1992). Small changes in reproductive capability have been linked to population effects, 
however. Changes in reproductive processes can therefore be used to diagnose and 
assess pollutant induced damage to populations. Altered gonadal morphology can be an 
indication of such damage. Timing o f endocrine controlled developmental events, such as 
metamorphosis, is also crucial to reproduction, as tadpoles must complete transformation 
in the proper time frame in order to breed successfully.
HYPOTHESES
There were four fundamental hypotheses guiding the present research.
1. PCBs are accumulated from contaminated food by anuran amphibians.
2. PCBs are metabolized by anuran amphibians.
3. Sublethal exposure to a group o f hormonally active pollutants, PCBs, alters tim e to 
metamorphosis in anuran amphibians.
4. Sublethal exposure to a group o f hormonally active pollutants, PCBs, forces sexual 
differentiation of anuran amphibians in a feminine direction.
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CHAPTER II
COLLECTION AND EXPOSURE METHODS
Introduction
The objectives of this portion of the study were to collect anuran eggs from a 
known site and expose them to PCBs under controlled laboratory conditions. The exposed 
tadpoles were then examined to assess PCB accumulation and metabolism. The effects 
of PCB exposure on development and sexual differentiation were also assessed.
Although ranid frogs can be easily purchased from biological supply companies, it 
is extremely difficult to assess the prior exposure o f these animals to contaminants. Most 
ranids are wild caught and animal dealers will not generally reveal the collection location, 
which is frequently unknown to the supplier. In addition, purchased animals often arrive 
stressed from shipment and captivity. For these reasons, eggs were obtained in the wild 
from a local site which could be chemically characterized.
Collection
The Virginia Department of Game and Inland Fisheries (VDGIF) fish hatchery (Fig. 
2, Appendix I) in King and Queen County, VA (USA) was verified to be relatively free of 
organochlorine contaminants (see Ch. 4). On March 25, 1997, nine freshly laid egg 
masses were collected from hatchery pond 21 (Appendix I). A ll egg masses were found in 
the shallow margins of the pond, in approximately 18 cm water. Seven egg masses were 
very firm , doughnut-shaped spheres attached to floating aquatic vegetation. These 
masses retained their structure when lifted out o f the water. They contained charcoal 
black embryos with distinct envelopes. The remaining two egg masses were looser,
14
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gelatinous rafts found attached to aquatic vegetation. The jelly of these masses flowed 
when lifted out of the water. They contained je t black embryos with less distinct 
envelopes. The egg masses were transported to the laboratory on a cheese-cloth 
hammock suspended in a cooler filled with aerated native pond water (15°C). Upon arrival 
at the laboratory, the eggs were examined under a dissecting microscope and were 
identified as members o f the Rana pipiens group using the egg identification key found in 
W right and Wright (1949). The egg masses were placed in 51/2 gal aquaria and hatched 
in a 50:50 mixture of native pond water: well water. The egg masses and their resulting 
tadpoles were maintained separately throughout the experiment.
Identification
M ethods
Five days after collection, all of the egg masses had hatched. The two egg masses 
most different from each other were chosen for the exposure experiment. Approximately 
nine days after hatching, the tadpoles were examined under a dissecting microscope. The 
tadpole identification key found in W right and W right (1949) supported the identification 
as either Rana palustris or Rana sphenocephala, both member species of the pipiens 
group. These closely related species can sometimes be distinguished from each other by 
subtle anatomical measurements of differences in the labial tooth rows and snout features 
(Wright and Wright, 1949).
In order to confirm these findings and further differentiate the two species, 
tadpoles from each egg mass were fixed in ethanol and sent to Dr. Tyrone Hayes, an 
amphibian endocrinologist at the University o f California at Berkeley. Four tadpoles from 
each egg mass (one from each control tank) were also preserved and sent to Dr. Ronn 
Altig, a larval amphibian expert at the University o f Mississippi. After staining the tadpoles 
with toluamide blue, and examining the mouthparts, Dr. Altig requested metamorphs to
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Figure 2. Collection Site. Ranid egg masses were collected from the Virginia
Department of Game and Inland Fisheries fish hatchery in King and Queen 
County, Virginia (USA). (A more detailed map of the site is located in Appendix 
I.) PCBs were undetectable in sediment and biota at this site.
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confirm the identification of the egg masses. Upon metamorphosis, three froglets from 
egg mass one and two froglets from egg mass two were fixed in 10 % neutral buffered 
formalin and sent to Or. Altig for identification.
To definitively identify the egg masses, three control tadpoles from each egg mass 
were frozen and sent to Dr. Alan W olf, an amphibian geneticist at the University of 
Michigan, for mitochondrial DNA sequencing. Frozen fiver samples from an adult male R. 
palustris and an adult male R. sphenocepha/a from the original collection site (VDGIF 
Pond 21) were included as controls.
R esults
Microscopic examination of eggs from both egg masses revealed the presence of 
two je lly envelopes. This, together with the structure and location of the egg masses 
suggested that the eggs belonged to the Rana pipiens complex. Tadpoles from egg mass 
one were jet black, those from egg mass two were brown. Tadpoles from both egg 
masses possessed a mouth disk with upper and lower labial teeth, labial maxillae, and an 
upper and lower homy beak. Tadpoles from both egg masses had a lateral, sinistral 
spiracle and a dextral anus. Labial teeth were found in two upper rows and three lower 
rows. These findings supported identification of the tadpoles as R. palustris or R. 
sphenocephala.
This identification was corroborated by Dr. Tyrone Hayes and by Dr. Ronn Altig 
(personal communications). After further examination of metamorphs by Dr. Altig, both 
egg masses were identified as R. sphenocephala. This conclusion was based upon the 
coloration of the metamorphs. Pickerel frogs are characterized by having two general 
rows of squarish spots between the dorsolateral folds. The frogs resulting from both egg 
masses in this study had round spots haphazardly placed between the dorsolateral folds,
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a leopard frog trait (Ronn Altig, personal communication). This random spotting pattern 
can be clearly seen in Figure 3.
The identification of both egg masses was further confirmed by mitochondrial DNA 
analysis. Dr. Alan W olf compared mitochondrial DNA sequences from tadpoles o f both 
egg masses to sequences from an adult leopard frog and a pickerel frog from the same 
pond. The results indicated that the tadpoles from the two egg masses were the most 
closely related of all the samples. They, in turn, were more closely related to the adult 
leopard frog than to the adult pickerel frog. These results are illustrated in Figure 4. From 
this, Dr. W olf concluded that “ the two egg masses are from females with sim ilar 
mitochondrial DNA and they are likely both from the [R  sphenocephala ] species " (Alan 
Wolf, personal communication).
Discussion
Identifying members o f the Rana pipiens complex is a commonly encountered 
systematics problem. Use of molecular techniques and calf analysis have led to the 
inclusion of approximately 27 species in the group. The picture is further complicated by 
the occurrence of distinct, sympatric morphotypes which can successfully partition 
breeding sites and co-exist without hybridizing (McDiarmid, 1995).
Both field collected egg masses were identified as R. sphenocephala on several 
bases. Although the tadpoles exhibited differences in coloration, identification was made 
independently by examination of the eggs, tadpoles and metamorphs. Several other 
researchers confirmed the identification and mitochondrial DNA sequencing placed the 
tadpoles closer genetically to R. sphenocephala than to the closely related R. palustris.
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Figure 3. M orphotypes o f Rana sphenocephala. The froglet on the left is from egg 
mass 1. The froglet on the right is from egg mass 2. Note the differences in 
coloration. The characteristic haphazard spotting pattern o f the leopard frog is 
clearly visible on the metamorph from egg mass 2.
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Figure 4. Genetic identification. Comparison o f mitochondrial DNA sequences from 3 
tadpoles of each egg mass (depicted on the cladogram as Rp15h01-03h04 
and Rs03h01-17h02, respectively) indicated that the two egg masses were 
more sim ilar to each other than to any other sample. They, in turn, were more 
sim ilar to the known R. sphenocephala than to R. palustris or any other species. 
The R. sphenocephala and R. palustris controls were from the same pond as 
the egg masses in question. The other ranid species were provided by Dr. Alan 
W olf o f the University of Michigan. The numbers on the cladogram indicate the 
number of base pair differences between the species. (Figure courtesy of Dr. 
Alan Wolf.)
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Exposure
Approximately ten days after hatching, tadpoles from each egg mass were 
randomly assigned to treatment tanks. Husbandry followed well established guidelines for 
frog culture (Bardach et al., 1972; National Research Council, 1974; Culley, 1991). All 
tanks were cleaned, bleached, and dried for 24h before use. Animals were housed in 5 !4 
gal aquaria in 10 L well water and were maintained on a 12 hour light cycle. Fewer 
tadpoles were obtained from the first egg mass. The density of the tanks was, therefore, 
50 or 60 tadpoles/ tank (egg mass 1 and 2, respectively). Because the exposure was 
carried out in a common-use wet lab, temperature control was difficult. Temperatures 
were generally between 18 and 22°C (mean 20°C ± 1.2) throughout the experiment. 
Occasional temperatures of 23-24°C were reached in the late spring and early fall, when 
heating/cooling systems were being adjusted. The temperature profile during the 
experiment is presented in Figure 5.
Once a week the tadpoles were netted from the tanks and transferred to color 
coded holding bowls. The tanks were rinsed and refilled with fresh well water o f the same 
temperature before replacing the tadpoles. W aste water from the PCB exposure tanks 
was processed through a series o f household fiber and charcoal filters. As a safety 
precaution, effluent from the initial filte r train was passed through an industrial charcoal 
filter before being discharged. Final effluent was monitored periodically for PCB 
breakthrough.
Tadpoles began to metamorphose approximately 130 days post-hatch. Upon 
foreleg emergence, froglets were removed to hexagonal aquaria which were angled to 
provide both dry and wet areas. The wet area was 1-10 cm deep. Froglets were housed at 
a density of no more than 2/tank. They were not fed, as they generally refused food during 
this period and were sacrificed within 2 days, upon completion o f metamorphosis.
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Figure 5. Temperature variation over the exposure period. Temperature reported is 
the in-tank water temperature and is expressed as degrees Celsius.
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Purina Rabbit Chow® pellets were ground in a household blender and sieved 
twice (1 mm and 0.5 mm). The sieved rabbit chow (particles < 0.5 mm) was weighed and 
mixed in well water to make a food suspension with a density o f 0.1 g food/ml water. The 
food suspension was refrigerated and kept no more than three days.
Dosing standards were prepared as follows. A stock solution was prepared by 
dissolving 0.519g of an Aroclor® 1242 standard (Chem Service) in 500 ml reagent grade 
anhydrous ethyl alcohol (Burdick & Jackson) to yield a concentration of 1040 pg/m l. This 
standard was used to prepare the highest dose. The medium and low dose standards 
were prepared by serially diluting the stock standard to produce standards with nominal 
concentrations of 104 pg/ml and 10.4 pg/ml, respectively.
Concentrations were confirmed by gas chromatography (see Ch. 4). An estrogen 
standard was prepared by dissolving 5.00 g 17IJ-estradiol (Sigma Chemical Co.) in 500 ml 
ethanol to yield a concentration o f 10.0 mg /ml.
Treatment groups consisted o f three PCB doses (10, 100, and 1000 ppm). The 
low and medium dose were chosen to be environmentally realistic at moderately and 
heavily contaminated sites. The highest dose was included to assess the range necessary 
for possible effects to be seen. Controls consisted of PCB-free solvent control and 
untreated food control groups. An additional "positive" control group consisted o f tadpoles 
treated with 17IJ-estradiol to characterize these responses. Although the estradiol was 
added to the food in the same manner as the PCB standards, estradiol is water soluble. 
Therefore, the final dose is reported as 10 pg/  U  day. Each treatment had four replicates, 
which were randomly placed on the wet lab tables. Layout o f experimental tanks is 
illustrated in Appendix I. Treatment tanks, feeding test tubes, and all equipment, such as 
dip nets and siphon hoses, were color coded. Experimental design is summarized in 
Table 1.
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Table 1. Experimental Design.
Treatment Replicates Individuals/Replicate 
Egg Mass 1 Egg Mass 2
Untreated food control 4 50 60
Solvent control (ethanol) 4 50 60
10 mg 170-estradiol/g food 4 50 60
10 pg Aroclor®1242/g food 4 50 60
100 ug Aroclor®1242/g food 4 50 60
1000 ug Aroclor®1242/g food 4 50 60
Exposure was achieved by daily feeding with contaminated food. Dosed food was 
prepared by placing 1 mL of the food suspension into each test tube. 0.1 ml o f the 
appropriate dosing standard was then added and the suspension was mixed thoroughly. 
The ethanol concentration in the tanks was <0.01 % (maximum concentration after seven 
days). Final dosing regime is listed in Table 2.
Dosed food was administered in the morning to encourage consumption. The test 
tubes were emptied into the corresponding tanks. In order to deliver the full dose, each 
tube was rinsed with approximately 1 ml well water from a squeeze bottle and the rinse 
was added to the treatment tank. To avoid starvation, animals were fed uncontaminated 
food ad libitum  in the afternoon. M  libitum  was defined as the maximum amount of food 
the tadpoles completely consumed before the next morning feed. The volume o f food 
delivered during the afternoon feeding was adjusted throughout the experiment. Tanks 
were inspected daily for behavioral abnormalities, disease, and mortality. Test conditions 
are summarized in Table 3.
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Table 2. Nominal dosing regime.
Treatment M
Arodor®
1242
g food pg Arodor® 1242 
per g food (ppm)
Untreated food control — 0.1 —
Solvent control (ethanol)
— 0.1
—
17p-estradiol (1 mg/10 L/day) — 0.1 —
Low dose PCB 1.04 0.1 10
Medium dose PCB 10.4 0.1 100
High dose PCB 104 0.1 1000
Table 3. Summary of test conditions.
♦ 12 hour light cycle
♦ 10 L well water
♦ density: 50 tadpoles/tank (egg mass #1)
60 tadpoles/tank (egg mass #2)
♦ water temperature 18-24°C (mean 20°C ±1 .2
♦ water changed weekly
♦ dosed food administered daily @ 0800
♦ fed uncontaminated food ad libitum @  1600
♦ exposure duration: 10 days post-hatch to approximately 8 months post-hatch
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The first sampling event took place approximately three and a half months after 
exposure began, when more than half the tadpoles had developed hindlimb buds. Twenty 
animals per treatment tank were sacrificed and measured. Fifteen of these were 
euthanized with Finquel® (MS-222, methanesulfonate salt; Argent Chemical Co.) and 
preserved in Bouin’s solution. Following a series of water rinses, they were stored in 70% 
ethanol for histological analysis. The remaining five were flash frozen in a dry ice-ethanol 
bath and stored for organochlorine analysis.
As the exposure of the remaining animals continued, metamorphosing froglets 
were removed from the aquaria upon foreleg emergence and were placed in shallow 
tanks to complete tail resorption, a process which took approximately a day and a half. 
They were then sacrificed and measured. After eight months o f exposure, larval animals 
remaining were sacrificed and measured, as winter was approaching and the remaining 
animals would probably overwinter as tadpoles. Approximately one third o f the sacrificed 
tadpoles were frozen for organochlorine analysis. The remaining animals were preserved 
in Bouin’s solution and stored in 70% ethanol for histological analysis. Sampling is 
summarized in Table 4.
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Table 4. Outline of the experiment. The entire exposure phase occurred in the year 
1997.
March 25 Eggs collected
March 30 Eggs hatched, began feeding
April 4,7 Divided into treatment tanks, acclimatization 
(Egg mass 2 and egg mass 1, respectively)
April 9 Began dosing
July 14, 29 First sampling period:
(Egg mass 2 and egg mass 1, respectively)
•  5 tadpoles from each tank frozen for organochlorine analysis
•  15 tadpoles from each tank fixed for histological analysis
August 18 Tadpoles began to metamorphose:
•  removed from aquaria as forelegs emerged
November 26 Termination:
•  approximately a third of survivors from each tank frozen for 
organochlorine analysis
•  approximately two thirds o f survivors from each tank fixed for 
histological analysis
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CHAPTER III
EVALUATION OF AN ANALYTICAL METHOD FOR THE DETECTION OF 
HYDROXYLATED PCB METABOLITES
Introduction
Metabolism of polychlorinated biphenyls produces a number o f products which are 
typically more polar than the parent compound. These more polar products can then be 
conjugated and more easily excreted (Noren et al. 1996; Moore et al. 1997). The 
difference in polarity between the parent compound and the metabolites makes analysis 
more complex, however.
Hydroxybiphenyls are generally analyzed as derivatives such as ethyl ethers, 
trimethylsilyl ethers and various acyl derivatives. Derivatization is performed to prevent the 
hydroxyl groups from interacting with sites in the gas chromatograph injector and column. 
These interactions have been reported to cause chromatographic tailing and 
irreproducible peak areas (Abraham et al. 1997). Parent PCBs must be analyzed from a 
different aliquot of the sample extract.
Small samples, such as individual tadpoles, present many analytical challenges. 
Among these is the high quantitation lim it which sometimes results from a lack of tissue. It 
is therefore often impractical to split small sample extracts. The objective of this portion of 
the study was to evaluate a method to analyze parent PCBs concurrently with 
hydroxybiphenyl metabolites in their underivatized form.
Methods
Seven representative hydroxybiphenyl congeners were selected from the limited
28
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number of hydroxybiphenyl standards which are commercially available (Chem Service). 
Each congener was prepared by dissolving the commercial standard in hexane. The 
individual congeners were combined into a single working standard whose composition is 
shown in Table 5.
Table 5. Working hydroxybiphenyl standard composition.
Hydroxybiphenyl concentration
(ua/ml)
4'-chloro-4-biphenylol 7.44
4,4’-dichloro-3-biphenylol 7.36
4,4'-dichloro-3,3’-biphenvldiol 6.56
2’,4’,6’-trichloro-4-biDhenylol 8.50
2 \3 ,,4’,5’-tetrachloro-4-biphenylol 8.96
3,3’, 5,5’-tetrachloro-4,4’-bi phenyldiol 4.16
2\3,3 ’,4,,5,-pentachloro-2-biphenylol 6.72
Initially, pentachlorobenzene (PtCB) was added as the internal standard and the 
working standard was injected on a gas chromatograph (GC, Varian 3300) equipped with 
a capillary column (J& W Scientific, DB-5 fused silica column, 60m x 0.32 mm I. d., 25 pm 
film thickness). Hydroxybiphenyls were detected with an electrolytic conductivity detector 
(ELCD, OIC 4420) operating in the halogen specific mode. The electrolyte was n- 
propanol. The GC column was held at 90°C for 1 min, programmed at 4°C/min to 310°C, 
and held at 310°C for 10 min. A Hewlett Packard 3350A Laboratory Automation System 
was used to collect and integrate peak areas. Quantitations were obtained by comparing 
the area counts of the internal standard to those of the metabolite peaks.
Identification o f the hydroxybiphenyl standards was verified using a Varian 3400 
GC equipped with an 8200 autosampler (J& W Scientific, DB-5 fused silica column, 60m x
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0.32 mm I. d., 25 pm film  thickness) coupled with a Varian Saturn 4D ion trap mass 
spectrometer (MS). The GC column was held at 75°C for 1 min, programmed at 4°C/m in 
to 320°C, and held at 320°C for 25 min. The MS was operated in the electron ionization 
mode from 50 — 650 m/z at a scan rate o f 870 msec. The emission current was set a t 12
microamps.
Retention time indices were determined and response factors were calculated 
relative to the internal standard (pentachlorobenzene; PtCB) using the following form ula:
Response factor = area count o f PtCB X concentration of analyte 
area count o f analyte concentration o f PtCB
Linearity o f the detector was determined by injecting various concentrations o f the 
hydroxybiphenyl congeners. The instrument detection lim it was determined by injection of 
serial dilutions o f the working standard.
A second standard composed o f the hydroxybiphenyl working standard combined 
with parent Aroclor® 1242 was made. To assess separation and potential discrim ination, 
both the hydroxybiphenyl working standard and the combined standard were fractionated 
using solid phase extraction (SPE) columns. Columns (2 g, Burdick & Jackson) were 
packed with silica gel (Sigma Chemical Co.) and eluted on a vacuum manifold (Burdick & 
Jackson). Three fractions were collected. Fraction 1 (F1), which had been shown to  elute 
unhydroxylated “parent" PCB congeners, was eluted with 5 ml o f hexane:DCM (60:40). 
Fraction 2 (F2), eluted with 5 ml 100% DCM, was intended as a “rinse" between the 
parent compounds and the hydroxybiphenyls. Fraction 3 (F3), intended to remove the 
more polar biphenyls from the silica column, was eluted with 5 ml 100% acetone. The 
resultant fractions were reduced by evaporation under nitrogen to a final volum e o f 
approximately 200 pi. The fractionated standards were injected on the GC and the data 
were analyzed for recovery of the hydroxybiphenyl congeners. Recovery was calculated
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by comparing the area counts in the processed samples to the corresponding area counts 
of the original standard, which was injected on the same day as the sample in question.
In order to validate the proposed analytical method, the standards were passed 
through each step of the procedure for analysis o f biota. Six sodium sulfate blanks were 
spiked with 1 ml of the working hydroxybiphenyl standard and extracted with 100% 
dichloromethane (DCM, Burdick & Jackson) using an accelerated solvent extractor 
(Dionex ASE 200). Three of these spiked blanks were analyzed for recovery and possible 
discrim ination o f hydroxybiphenyl congeners after being extracted by ASE. To determine 
recovery of the entire procedure, the remaining three blanks were fractionated by SPE 
before being injected on the GC.
In order to assess the efficiency of the analytical procedure in a biological matrix, 
three tadpoles from the PCB-free control group were spiked with 1 ml of the 
hydroxybiphenyl working standard, extracted and fractionated. Accuracy and precision 
were determined by comparing the percent recovery of the analytes. Upon verification of 
the analytical method, tadpoles which had been exposed to Aroclor® 1242 were analyzed 
for the presence o f hydroxylated PCB metabolites. The quantitation lim it was estimated by 
adding dilutions o f the working standard to an F3 fraction from an unexposed tadpole prior 
to injection.
Results
Injection o f the hydroxybiphenyl working standard verified that underivatized 
hydroxybiphenyls could be detected by the ELCD with good peak shape. Peaks did not 
exhibit an inordinate degree o f tailing (Fig. 6) and peak areas were reproducible. The 
identities of the peaks were confirmed by mass spectroscopy. Linearity of the detector 
was confirmed at concentrations in the range o f 0.80 - 35 pg/ml (with the exception of 
S.S'.S.S’-te tra ch lo ro ^^ ’-biphenyldiol, which was not linear above 4.2 pg/ml). The
permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 6. Chromatogram of the hydroxybiphenyl working standard. Peaks 1 - 7 are 
hydroxybiphenyl peaks. The peak identified as PtCB is pentachlorobenzene, 
the internal standard.
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detection limit varied with degree o f chlorination, with a mean value 0.63 ng on column. 
The weight of the tadpoles in this study ranged from .015 -  1.70 g, resulting in a range of 
quantitation limits from 43 pg/g -  0.37 pg/g. Retention indices and response factors are 
listed in Table 6.
Table 6. Retention indices and response factors of hydroxybiphenyl congeners.
Values are reported as the mean (standard deviation) of three replicates. 
Response factors were calculated daily relative to the internal standard 
(pentachlorobenzene).
Hydroxybiphenyl Retention index Response factor
4’-chloro-4-biphenylol 2472 ( 2.082) 4.97 (1.82)
4,4'-dichloro-3-biphenylol 2531 ( 1.000) 2.57 (1.08)
4,4’-dichloro-3,3’-biphenyldiol 2823 ( 0.5774) 1.51 (0.736)
21,4' ,6’-trichloro-4-biphenylol 2864 ( 3.786) 5.57 (2.41)
2’,3’,4,,5,-tetrachloro-4-biphenylol 3301 (0.5774) 2.36(1.11)
3,3',5,5’-tetrachloro-4,4'-bipheny1diol 3364 ( 1.528) 0.731 (0.438)
2’,3 ,3 \4 \5 ,-pentachloro-2-bipheny!ol 3550(1.528) 4.31 (3.53)
Analysis o f spiked sodium sulfate blanks demonstrated that ASE was effective 
at extracting mono-hydroxybiphenyls from the matrix, but less extraction of the di- 
hydroxybiphenyls was observed (Fig. 7). O f the seven hydroxybiphenyls in the working 
standard, two were diols. ASE failed to extract these compounds effectively from sodium 
sulfate. SPE fractionation showed less pronounced discrimination. Both ASE and SPE 
losses are reflected in the total procedural recoveries. Accuracy and precision o f the 
methods is summarized in Table 7.
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Figure 7. Recovery of hydroxylated PCB surrogates from sodium sulfate blanks: 
effect of method. The full name of each metabolite is listed in Table 6.
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Table 7. Accuracy and precision of hydroxybiphenyl analytical procedure. Values are 
expressed as mean percent recovery o f three replicates (standard deviation).
Hydroxybiphenyl ASE SPE Total procedure
4’-chloro-4-biphenylol 113(15.9) 75.2(1.13) 98.2 (4.82)
4,4'-dichloro-3-biphenylol 66.9 (7.51) 60.0 (10.5) 55.5 (2.34)
2’,4 ',6’-trichloro-4-biphenylol 102(45.6) 82.5 (0) 75.3 (4.02)
4,4’-dichloro-3,3’-biphenyldiol 4.62 (4.04) 69.0 (14.5) 1.36 (2.36)
2,,3 ,3 \4 \5 ’-pentachloro-2-biphenylol 98.7 (43.6) 75.9 (6.36) 70.8 (0.932)
2’,3 \4 ,,5'-tetrachloro-4-biphenvlol 105(55.5) 86.1 (0.283) 68.7 (3.40)
3,3’, 5,5’-tetrach loro-4,4’-biphenv1diol 0.859 (0.252) 52.2(1.91) 0 (0 ) . . .
Separation of hydroxybiphenyls from parent PCB congeners was not complete. 
Although the majority of the metabolites were eluted in the F3 (acetone) fraction, several 
of the hydroxybiphenyls were consistently found in the F1 (hexane/DCM) and F2 (DCM) 
fractions, along with parent PCBs (Fig. 8).
Analysis o f spiked control tadpoles revealed a m atrix effect on recovery. 
Recoveries o f metabolites were generally higher from the tadpoles than from sodium 
sulfate alone. When analyzed using a two-tailed T-test, this m atrix effect was significant 
(a=.05) for three o f the seven congeners (Fig. 9). The matrix effect was most pronounced 
for the dihydroxylated metabolites. In the sodium sulfate blanks, the ASE failed to 
adequately extract these compounds. The tadpole matrix increased the extraction 
efficiency o f the ASE. Because o f unequal variances and values below the quantitation 
limit, these congeners could not be tested for equality o f means. Accuracy and precision 
of the fortified tadpole analysis are presented in Table 8.
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Figure 8. Fractionation of hydroxybiphenyls by solid phase extraction. Results are 
the proportion o f the total amount recovered from sodium sulfate blanks which 
had been analyzed by the entire biota procedure. The full name o f each 
metabolite is listed in Table 6. F1 = hexane/DCM , F2= DCM, and F3 = 
acetone fractions.
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Figure 9. Recovery of hydroxybiphenyls: matrix effects. The full name of each 
metabolite is listed in Table 6. Results are the mean of three replicates. 
“Blank” refers to sodium sulfate only. “Matrix” refers to sodium sulfate and 
tadpole tissue.
* significant difference (a= 0.05) between the mean recoveries of the 
hydroxybiphenyl congener from the blank and the tissue matrix when 
analyzed using a two-tailed T-test
1 due to unequal variances an approximate test was used to test for 
significant difference between means (a= 0.05)
2 unable to test equality o f means as all “blank” values were below the 
detection lim it
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Table 8. Accuracy and precision off metabolite analysis in tadpole matrix. Values are 
expressed as mean and standard deviation o f three replicates.
Hydroxybiphenyl % recovery s.d.
4 ’-ch loro-4-biphenylol 137 7.96
4,4’-dichloro-3-biphenylol 85.8 4.43
2’,4’,6,-trichloro-4-biphenylol 82.1 3.67
4,4’-dichloro-3,3’-biphenyldiol 53.4 73.0
2’f313’,4,,5’~pentachloro-2-biphenvlol 75.0 1.36
2’, 3’ ,4’, 5’-tetrachloro-4-biphenylol 66.9 13.1
3,3’, S.S’-te trach lo ro^^’-biphenyldiol 27.2 43.4
The high degree o f variation in recovery of the dihydroxybiphenyls was due to one 
of the spiked tadpoles. This animal was seven times larger than the smallest o f the three 
spiked tadpoles. This animal had unusually high recovery of both biphenyldiols. The 
tadpoles weighed 0.0644, 0.4440, and 0.3003 g. The high recovery o f 4’-chloro-4- 
biphenytol was consistent in the three replicates.
Discussion
Evaluation of the hydroxybiphenyl analytical method indicated that these 
compounds could be adequately identified in their underivatized form. Over time, the 
retention indices were consistent. Quantitation proved to be problematic, however, as the 
relative response factors of the congeners to the internal standard did not appear to be 
consistent. Furthermore, the response factors did not consistently reflect the degree o f 
chlorination. Although quantitation can be improved by using a daily response factor to 
calculate the contribution o f each congener, predictability o f the method is relatively low.
Degree of hydroxylation affected the extraction efficiency. O f the seven 
hydroxybiphenyls in the working standard, two were diols. ASE failed to extract these
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compounds effectively from sodium sulfate. This may be due to polarity differences 
between the non-polar extraction solvent (DCM) and the relatively polar 
dihydroxybiphenyis. SPE showed less pronounced discrimination, probably due to the use 
of multiple solvents of increasing polarity. Relatively low recovery may be an indication 
that some analyte was retained on the polar SPE column.
The elution of 2 OH-2', 3, 3', 4', 5 PCB and 3 OH-4, 4’ DCB in the more non-polar 
F1 and F2 fractions was probably due to steric hindrance of the hydroxyl group. The 
hydroxybiphenyl congeners which eluted predominately in the polar F3 fraction all have 
hydroxyl groups at the para- position. 2 OH-2’, 3, 3’, 4', 5 PCB and 3 OH-4, 4’ DCB, 
however, have the hydroxyl group in the ortho- and meta- positions, respectively. This 
substitution pattern may have prevented the hydroxyl group from forming hydrogen bonds 
with the silica gel in the SPE column. The small amount of 4 OH- 2’, 3', 4', 5' TCB and 4 
OH- 2’, 4’, 6’, TCB eluting in the earlier fractions may have been the result o f m inor 
channeling in the silica gel columns.
Recoveries of metabolites were generally higher from fortified tadpoles than from 
fortified sodium sulfate blanks. This effect was most pronounced for the dihydroxylated 
metabolites. In the sodium sulfate blanks, the ASE failed to adequately extract these 
compounds. The tadpole matrix increased the extraction efficiency of the ASE. This m ight 
be due to the presence of co-extracted compounds which could shield the 
hydroxybiphenyls from the non-polar extraction solvent, allowing the metabolite to be co­
extracted.
The high degree of variation in recovery of the dihydroxybiphenyis from spiked 
tadpoles was due to one o f the replicates. This animal was seven times larger than the 
smallest of the three spiked tadpoles. The variation could be due to an increase in the 
aforementioned protective matrix effect or to co-eluting biogenic compounds. The high 
recovery of 4’-chloro- 4-biphenylol was consistent in the three replicates. This may be
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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due to co-elution of an interfering biogenic compound. These biological compounds were 
frequently encountered in the polar F3 fraction, especially in larger animals.
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CHAPTER IV
ANALYSIS OF ORGANOCHLORINE POLLUTANTS IN ENVIRONMENTAL SAMPLES
AND EXPERIMENTAL ANIMALS
Introduction
Numerous studies have reported that the congener pattern found in biota differs 
from the congener pattern which characterizes various Aroclor® formulations (Willman et 
al. 1997; Rybitski et al. 1995; Muir et al. 1988). It is generally assumed that the absence 
of certain congeners is due to either increased metabolism or decreased bioavailability of 
the missing congeners (Willman et al. 1997; Muir et al. 1988). Uptake and accumulation 
o f PCBs has been documented for frogs (Dowd et al. 1985; Rico et al. 1987; Russell et 
al., 1995; Huang et al. 1999). Few studies, however, have examined the metabolism of 
PCBs by anuran amphibians. The primary objective o f this portion o f the study was to 
assess the accumulation and metabolism of PCBs by exposed tadpoles. Parent and PCB 
metabolite congener patterns and levels were determined in the tissues. Parent congener 
patterns were related to the pattern of metabolites detected in the tadpoles.
In addition to assessing metabolism of PCBs, tissue concentrations were also 
determined in order to relate biological effects with dose. Various assumptions about 
concentrations of PCBs present at the collecting site and in the food were also confirmed.
Methods
Environmental samples from the collection site (VDGIF pond 21) were analyzed 
for organochlorine pollutants to determine if the site was relatively free o f these 
compounds. Three sediment samples were collected using a shovel and placed in
41
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solvent-rinsed jars. One was taken from the near edge of the pond (roadside, 
approximately 18 ft. from shore), one from near the central channel (approximately 55 ft 
from shore), and one from the far edge of the pond (approximately 20 ft from shore). 
Three water samples were collected from the same regions by submerging solvent-rinsed 
jars. Fourteen biota samples were obtained by hand capture or dip-netting. These were: 
two leopard frogs, one pickerel frog, one cricket frog, nine unidentified tadpoles, and one 
small red-eared sunfish.
Sediment samples were freeze-dried for 48 hrs. and homogenized prior to 
extraction. Biota samples were homogenized and chemically desiccated with sodium 
sulfate. Following desiccation, sediment and biota samples were spiked with a surrogate 
standard (decachlorobiphenyl, PCB-209). This congener was chosen as a surrogate as it 
is absent or present in minor amounts in commercial Aroclor® formulations (Schultz et al., 
1989). The samples were extracted using the ASE, as described previously (see Ch. 3). 
The resultant extracts were purified by gel permeation chromatography. W ater samples 
(1L) were extracted in a separatory funnel using one 50 ml volume and two 25 ml volumes 
of 100% DCM. After solvent reduction and addition of the internal standard, all samples 
were injected on the GC and analyzed for the presence of organochlorine pollutants. The 
analytical protocol is outlined in Fig. 10. PCB concentrations of the standards used for 
Aroclor® 1242 exposure were confirmed by injection o f the standards on the GC after 
addition of the internal standard.
Exposed tadpoles were thawed, staged and weighed. Tadpoles were analyzed 
individually. Following whole body homogenization and chemical desiccation with sodium 
sulfate, samples were spiked with PCB-30, PCB-65 and PCB-204 as surrogate standards. 
The use of three surrogate standards allows more accurate calculation o f individual 
congener recovery. The tadpoles were extracted using the ASE as previously described. 
The extracts were fractionated and purified using SPE as described for hydroxybiphenyls.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 10. PCB Analytical Procedure.
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Initially, all three fractions were injected on the GC. Because PCB congeners were 
present in both the F1 and F2 fractions, these fractions were combined in later samples, 
The F3 fraction was collected separately and stored at 0°C.
PCB analysis
Extracts were solvent exchanged to hexane and concentrated under nitrogen to a 
final voiume of approximately 200 pi. Pentachlorobenzene (PtCB) was added as the 
internal standard. 1 pi of the sample was injected on the GC and analyzed as previously 
described (see Ch. 3). Tentative identifications of PCBs were obtained by comparing 
retention time indices of the analytes to those o f known retention standards which were 
injected daily. Identification of selected peaks was verified using GC-MS as previously 
described. Quantitation was obtained by comparing the area counts of the internal 
standard to those of the major organochlorine peaks in the sample.
PCB analysis followed the QA/QC procedures described by Rybitski et al. (1995). 
Initially, accuracy and precision o f the analytical techniques were calculated by adding 1.5 
pg of representative PCB congeners (PCB-30, PCB-65, and PCB-204) to sodium sulfate 
blanks and unexposed tadpole tissues prior to extraction. Results are summarized in 
Table 9. The instrument detection lim it was determined by injecting serial dilutions o f a 
commercial calibration standard (Ultra Scientific). The quantitation lim it was determined 
by adding dilutions of the standard to a combined F1/F2 fraction from an unexposed 
tadpole.
Table 9. Accuracy and precision of PCB analytical method. Values are expressed as 
the mean percent recovery o f three replicates (standard deviation).
PCB-30 PCB-65 PCB-204
Sodium sulfate blanks 14.5 (1.48) 27.5 (0.444) 91.4(1.61)
Spiked tadpole tissue 20.0 (0.488) 36.0 (0.720) 98.0 (2.73)
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Recovery of the major congeners present in Aroclor® 1242 was determined by 
adding 289 ng Aroclor® 1242 to three unexposed tadpoles prior to extraction. These 
values were used to correct for volatilization o f the individual congeners, enabling more 
representative congener patterns to be determined. Sodium sulfate blanks were extracted 
and analyzed with each batch o f samples to detect possible laboratory contamination. 
These were free of interfering peaks.
Hydroxybiphenyl analysis
Initially, individual F3 fractions were injected on the GC. Later F3 fractions were 
pooled in order to verify that the analytical technique used could detect and quantitate 
hydroxybiphenyls if they were present. Individual fractions from the terminal sampling 
period were pooled according to replicate. Three high dose and three solvent control 
pooled replicates from each egg mass were concentrated to 0.2 ml acetone, adjusted to 
3.0 ml with 100 % DCM and purified using high performance liquid chromatography. A 
Waters 717 plus Autosampler injected 2.5 ml of the extracts onto a Phenomenex 
EnviroSep-ABC column ( 350 x 21.20 mm) . A Waters 600E Multisolvent Delivery System 
was used to elute the hydroxybiphenyls with 100% DCM at a rate o f 5 ml/min for 35 
minutes. This method had been demonstrated to be effective at eluting the working 
standard. Following collection by an Isco Foxy Fraction Collector, the purified pooled 
extracts were concentrated, solvent exchanged to hexane, and injected onto the GC. 
Resulting peaks were identified by mass spectroscopy. Peaks were quantitated by 
comparing the area counts of the analytes to the area count of the internal standard, using 
the response factor which was calculated for hydroxybiphenyl congeners with the same 
number of chlorines (see Ch. 3).
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RESULTS
PCBs
Analysis of water, sediment and biota from the collection site did not detect 
organochlorine pollutants (Fig. 11). Analysis o f untreated Purina rabbit chow also detected 
no organochlorine contamination. Tadpoles from control tanks were verified as being 
uncontaminated, with the exception o f a single tadpole from one o f the solvent control 
replicates. The instrument PCB detection lim it was approximately 0.15 ng on column, 
depending upon degree o f chlorination. Tadpoles included in the organochlorine analysis 
ranged in development from Gosner stage 25 to 43 (Gosner, 1960). Tadpole weights in 
this study ranged from 0.015 to 1.70 g, resulting in quantitation lim its o f 10 to 0.09 pg/g. 
To correct for volatilization, total PCB concentrations were corrected for recovery of 
surrogate PCB-65. This surrogate was the most appropriate, as it eluted in the middle of 
the Aroclor® 1242 congeners.
Analysis of animals from the exposure tanks confirmed that Rana sphenocephala 
tadpoles accumulated PCBs from the contaminated diet. PCB levels were associated with 
dose (Fig. 12), despite substantial individual variation within treatments. No significant 
differences were found between corresponding treatment means o f the two egg masses 
using a Wilcoxon Two Sample Rank Test with a Bonferroni Correction (a = 0.05). Total 
PCB levels of individual tadpoles are reported in Appendix II. The results of the analysis 
are summarized in Table 10.
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Figure 11. Chromatogram of a tadpole from the collection site. No organochlorine 
pollutants were detected. PtCB= pentachlorobenzene (internal standard). 
DCB= decachlorobiphenyl (surrogate standard).
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Table 10. Total PCB concentrations (pg/kg) per treatment. Values are expressed as 
mean (standard deviation) and are corrected for recovery of PCB-65. The 
value denoted by the (*) was elevated due to a single sample. PCBs in this 
sample were probably due to laboratory contamination. BQL=<0.09 pg/g.
Treatment Egg mass 1 
hindlimb
egg mass 1 
terminal
egg mass 2 
hindlimb
egg mass 2 
terminal
hiqh dose 65300 ( 52300) 68600 ( 41400) 21200 ( 17700) 53300 ( 32800)
medium dose 3060 ( 1830) 5250 ( 3960) 1860 ( 3410) 4420(3460)
low dose 51.1 (96.8) 375(716) BQL 198 ( 241)
170-estradiol BQL BQL BQL BQL
solvent control BQL BQL BQL 19.1 (30.6)*
untreated control BQL BQL BQL BQL
Within treatments, body weight was significantly correlated (a=0.05) with PCB 
concentrations when analyzed by Kendall’s Tau-b Non-parametric Correlation Test. (Fig. 
13). Stage, which is generally coupled with body weight, was also a minor factor. Levels o f 
PCBs in the tissues increased between the “hindlimb" and the terminal sampling events 
(Fig. 12). Recovery of the surrogate standards also differed between the sampling events 
(Table 11), with recoveries generally being higher in the terminal period.
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Figure 12. PCB concentrations: effects of egg mass and sampling period. Values 
are corrected for recovery o f surrogate PCB-65. No significant differences 
were found between corresponding treatment means o f the two egg masses 
using a Wilcoxon Two Sample Rank Test with a Bonferroni Correction 
(experimental a  = 0.05). Hindlimb tadpoles were exposed for three and a half 
months. Terminal tadpoles were exposed for eight months.
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Table 11. Recovery of surrogate standards from exposed tadpoles. Values are 
expressed as mean percent recovery (standard deviation).
PCB-30 PCB-65 PCB-204
Egg Mass 1 hindlimb (n=51) 19.6 (9.30) 34.4 (10.2) 112(29.3)
Egg Mass 2 hindlimb (n=39) 16.0 (9.47) 29.4 (9.09) 99.8 ( 25.2)
Egg Mass 1 terminal (n=44) 31.3(9 .43) 51.4 (11.6) 147 (32.6)
Egg Mass 2 terminal (n=96) 25.1 (6.20) 44.2 ( 11.8) 138(26.0)
M ethod blanks (n -1 1) 13.5(6.18) 22.5 (6 .47) 91 .2(25.5)
High recoveries of PCB-204 may be attributed to a series of late eluting peaks. 
These peaks were detected in all but the smallest animals, regardless o f treatment group. 
They did not interfere with the analysis, however, as the majority of the congeners derived 
from Aroclor® 1242 exposure elute eariy, as described below (Table 12).
Recovery of the major congeners from the Aroclor® 1242 spiked tadpoles varied 
with degree and pattern of chlorine substitution. The mean total recovery o f Aroclor® 1242 
from the spiked tadpoles was 40.7% (s.d.= 19.4). The congener pattern observed in the 
exposed tadpoles also differed from that of the parent Aroclor® 1242 standard. In the 
standard, the predominant congeners detected were PCB- 28, PCB- 18, PCB- 8, and 
PCB- 33 (IUPAC numbering; Fig. 14). After correcting fo r the average recovery o f each 
congener, based upon the spiked tadpole samples, the predominant congeners in the 
exposed tadpole samples were PCB- 28, PCB- 66/ 95, PCB- 31, and PCB- 70 (Fig. 15). 
PCB- 18 and PCB-33 are considerably reduced in the samples and PCB- 8 is not even
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 13. Weight vs. concentration. This graph (egg mass 2, high dose) is 
representative of the relationship seen in all treatments. Weight and 
concentration were significantly correlated (a = 0.05) using Kendall’s tau-b 
Correlation Test.
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represented in the top ten congeners (Table 12). The reduced contribution o f these 
congeners to the total PCB concentration is related to their degree and pattern o f chlorine 
substitution, which is listed in Table 13.
Table 12. Predominant PCB congeners in Aroclor® 1242 and tadpole tissues. Rank 
is based on decreasing concentration. Rank in tadpole tissues was calculated 
after correcting for recovery o f the individual congeners.
Rank
Aroclor® 1242 Tadpole tissues
1 28 28
2 18 66/95
3 8 31
4 33 70
5 17 52
6 16 74
7 31 41
8 66/95 49
9 41 33
10 52 18
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 14. Chromatogram of an Aroclor® 1242 standard. Predominant congeners are 
identified by their IUPAC designation (see Table 13). PtCB= 
pentachlorobenzene.
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Figure 15. Chromatogram of a tadpole chronically exposed to Aroclor® 1242.
Predominant congeners are identified by their IUPAC designation (see 
Table 13). PtCB= pentachlorobenzene.
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Table 13. Substitution of predominant PCB congeners. Log Kg* is the log o f the
octanol-water partition coefficient. Values of Log are from Hawker and 
Connell (1988).
Congener 
(IUPAC numbering) Substitution Log Kow
28 2.4.4’ 5.67
18 2.2’,5 5.24
8 2,4’ 5.07
31 2’.4,4’ 5.67
33 2’.3.4 5.60
66 2.3’.4.4’ 6.20
95 2.2’,3’,5,6’ 6.13
70 2.3’,4’,5 6.20
52 2.2’,5.5’ 5.84
Hydroxybiphenyls
Eighty-four individual tadpoles from the Aroclor®1242 exposure experiment were 
analyzed for the presence o f hydroxytated PCB metabolites. None were detected. No 
hydroxybiphenyls were detected in the pooled solvent control replicates. Analysis o f the 
pooled high dose replicates, however, demonstrated that hydroxylated PCB metabolites 
were present in the tadpole tissues at a mean concentration of 0.300 pg/g (s.d.=0.095). 
Concentrations of hydroxybiphenyls in the replicates are listed in Table 14.
A total of twenty-one peaks were consistently found in the pooled samples. Mass 
spectroscopic analysis confirmed that the metabolite peaks were hydroxylated PCBs with 
two, three or four chlorine substituents (Figs. 15 and 16 a-c). The majority of these
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congeners had three or four chlorines (Fig. 17). Although fewer in number, the 
dichlorinated hydroxybiphenyl congeners accounted for more than half of the total 
concentrations measured (Fig. 18).
Table 14. Total concentrations of hydroxylated PCB metabolites in pooled tadpole 
samples.
Pooled sample Number of tadpoles Sample weight (g) Concentration o f 
hydroxybiphenyls (ug/q)
Eqq mass 1 A 4 2.04 0.450
Eqq mass 1 B 5 2.90 0.239
Eqq mass 1 C 5 1.81 0.184
Eqq mass 2 A 2 1.45 0.329
Eqq mass 2 B 4 2.90 0.345
Eqq mass 2 C 6 3.13 0.251
Discussion
Levels o f PCBs in the tissues increased between the “hindlimb" and the terminal 
sampling events. The initial sampling event took place approximately three and a half 
months after exposure began. PCBs continued to accumulate throughout the remainder of 
the exposure period, approximately eight months total. This may be due to increased 
consumption of the contaminated food by the remaining tadpoles, in the absence o f their 
sacrificed siblings. Since PCB body burdens did not decrease as tadpoles approached 
metamorphosis, mobilization o f PCB stores as tadpoles approached metamorphosis was 
not apparent. It must be emphasized, however, that there were too few tadpoles 
completing metamorphosis to adequately assess this.
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Figure 15. Plot of total ions from GC/MS (ion trap) in electron ionization mode.
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Figure 16. a-c. Plots of mass spectra for hydroxylated PCBs.
a. metabolite with 2 Cl (MW = 238)
b. metabolite with 3 Cl (MW = 272)
c. metabolite with 4 Cl (MW = 308)
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Figure 17. Prevalence of hydroxybiphenyl congeners by degree of chlorination. The
numbers outside the chart indicate the number of congeners in that category.
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Figure 18. Contribution of hydroxybiphenyl congeners to the total concentrations 
measured. Numbers outside the chart indicate the percent contribution of 
that category.
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Weight appeared to be the predominant factor related to body burdens. There 
were two exceptions to this association. One tadpole had a relatively low weight, but a 
very high PCB concentration. This tadpole was beginning metamorphosis (Gosner stage 
43). Tadpoles in this study did not eat during metamorphic climax. This tadpole may have 
lost weight, thereby increasing the concentration o f the PCBs in the tissues. The other 
tadpole had a high weight, but low PCB concentrations. This anomaly may have been due 
to excess residual water on the tadpole during the initial weighing.
Recovery of the surrogate standards also differed between the sampling events, 
with recoveries generally being higher in the terminal period. This is probably due to a 
greater amount of co-extracted lipid in the larger animals reducing the evaporation o f the 
surrogate standards during analytical processing. High recoveries o f PCB-204 may be 
attributed to co-elution of biogenics in the same chromatographic region. These biogenic 
peaks were present in all but the smallest animals, regardless of treatment group. The 
detection of these peaks suggests that additional purification is necessary. They did not 
interfere with the analysis, however, as the majority of the congeners derived from 
Aroclor® 1242 exposure elute early.
The congener pattern observed in the exposed tadpoles differed from that o f the 
parent Aroclor® 1242 standard. In the standard, the predominant congeners detected 
were PCB- 28, P C B -18, PCB- 8 , and PCB- 33 (IUPAC numbering). This is in agreement 
with the detailed congener analysis o f Aroclor® 1242 performed by Schultz et al. (1989). 
In the tadpole samples, however, the predominant congeners detected were PCB- 28, 
PCB- 66/95, PCB- 31, and PCB-70. PCB- 18 and PCB- 33 are considerably reduced in 
the samples and PCB- 8 is not represented in the top ten congeners. Some o f the 
decreased predominance o f the lighter congeners may have been due to volatilization 
during the analytical process. This is especially true of PCB-8 , a dichlorobiphenyl. Not all 
of the variation can be explained by volatilization, however, as the predominance o f the
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congeners was assessed after correcting the values for their individual recoveries from 
previously Aroclor® 1242 spiked tadpoles. These differences in congener patterns may 
be due to selective PCB bioaccumulation or metabolism by the tadpoles. Both PCB 
bioaccumulation and metabolism are related to the degree and pattern of chlorine
substitution.
Except for PCB- 8 , a dichlorobiphenyl, the predominant congeners in the Aroclor® 
1242 standard were trichlorobiphenyls. Di- and trichlorobiphenyls are generally more 
easily metabolized than congeners with higher degrees o f chlorination (McFarland and 
Clark, 1989). In addition, PCB-18, PCB-28, and PCB-33 have two adjacent unsubstituted 
carbon atoms, which facilitates oxidative breakdown o f the molecule (Boon & Eijgenraam, 
1988; Oliver & Niimi, 1988). Although PCB-28 shares these properties, it was present in 
the parent Aroclor® in greater proportions.
With the exception o f PCB- 28, the accumulation patterns in the tadpole tissues 
closely correspond with their respective octanol-water partition coefficients (Kow). which 
measure how likely a molecule is to move from an aquatic compartment to a lipid 
compartment. Kq* is in turn affected by the physical properties of the molecule, such as 
degree and pattern of substitution. Many o f the congeners present in the tadpole tissues 
were tetrachlorobiphenyls. This is in agreement with Rosenshield et al. (1999) who 
reported that the predominant homologues in tadpoles from the Green Bay (W l) 
ecosystem were tetrachlorinated biphenyls. These congeners have higher Ko» values 
(Hawker and Connell, 1988). Kq* is correlated with the bioconcentration factor. Therefore, 
as the Kow increases, so does the tendency of the congener to partition into lipid stores of 
animals (Willman et al. 1997) In addition, the four chlorines on the biphenyl rings produce 
steric hindrance, making it more difficult for oxidative enzymes to break down the 
molecules. It is interesting to note that three of the prevalent biphenyls, PCB- 95, PCB- 
52, and PCB- 18, have two ortho- substituted chlorines, making them conformationally
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restricted around the interring biphenyl bond. This substitution pattern has been identified 
as having the greatest estrogenic activity (Korach et al., 1988).
Hydroxylated PCB metabolites were not detected in individual tadpoles from the 
Aroclor®1242 exposure experiment, due to the high quantitation lim it resulting from the 
small size of the tadpoles. Although hydroxylated PCB metabolites were not detected in 
individual tadpoles, they were measured in pooled replicates (0.184 - 0.450 pg/g). Safe et 
al. (1976) reported that Northern leopard frogs, R. pipiens, injected with PCBs 
intraperitoneally metabolized them to hydroxylated PCBs using a mechanism sim ilar to 
mammals. The conversion rate was low, however, with only approximately three percent 
of the administered Aroclor® 1254 being converted to metabolites. In the present study, 
the conversion was less than one percent. Direct comparisons between studies are 
complicated, however, by different routes of exposure and analytical protocols.
In Safe's study, frog tissues were not analyzed for the presence o f metabolites. 
Analysis of hydroxybiphenyls was instead performed on the excreta eight days after 
injection. Newsome and Davies (1996) report that although hydroxylation of PCBs is the 
major route of detoxification, chlorinated biphenytols are minor metabolites in human 
breast milk. Conjugated metabolites, namely chlorinated biphenyl methylsulfones, were 
the major metabolic product present in this lipid rich media. It is unlikely that the analytical 
procedure described in the current study would detect and identify conjugated 
metabolites. These compounds generally must be deconjugated in itia lly or purified and 
separated from other organochlorine compounds by a series o f partitioning steps (Noren 
et al. 1996).
Hydroxybiphenyl congener patterns were consistent with previously reported 
literature. While more congeners with three to four chlorines were present, the most 
abundant were the di-chlorinated congeners. Metabolites reflect the number of chlorines 
that were in the parent congener and less chlorinated congeners are more easily
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metabolized (Abraham and Lynn, 1997). This is in agreement with the predominant PCB 
congeners from the Aroclor® 1242 standard. This study confirms Safe’s (1976) findings 
that frogs metabolize PCBs in a manner similar to mammals. Gardner et al. (1976) 
reported that cows fed Aroclor® 1242 produced di-, tri-, and tetrachlorinated biphenylols. 
Mass spectroscopy confirmed that the tadpoles produced these metabolites when fed 
Aroclor® 1242. The observed hydroxylated PCB metabolite pattern lends support to the 
hypothesis of selective metabolism o f the trichlorinated PCBs, as well as the dichlorinated 
PCB- 8 .
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CHAPTER V
EFFECTS OF PCB EXPOSURE ON DEVELOPMENT
Introduction
PCBs and other organochlorine pollutants have been implicated in disruption of 
the endocrine system of exposed animals (Korach et al., 1988; Reminders et al., 1992; 
Jansen et al., 1993). The role o f the endocrine system in amphibian metamorphosis is 
well documented (Duellman and Trueb, 1986; Hayes, 1995a,b). As described in Chapter I, 
PCBs have been reported to interfere with the thyroid axis (Brouwer et al., 1990) and with 
the interrenal axis (Gendron et al., 1995). Both of these endocrine systems play key roles 
in amphibian development (Hayes et al., 1993; Hayes, 1995a,b). The objective of this 
portion of the study was to determine whether chronic dietary exposure to PCBs affects 
development and metamorphosis in anuran larvae.
Methods
Tadpoles were observed twice daily throughout the exposure period. Mortality, 
gross anatomy, behavior, and time to metamorphosis were monitored. The developmental 
stage of the larvae was determined by examining them with a dissecting microscope. 
Development was classified according to Gosner (1960). Mortality was calculated for the 
full exposure period by comparing the number of animals which died (as opposed to 
sacrificed) to the number of animals originally put into the tanks. Mortality was not directly 
measured, as the tadpoles tended to be cannibalistic. Mortality, numbers of animals 
completing metamorphosis and tim ing of metamorphosis were compared among 
treatment groups.
65
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Development of larval amphibians housed together is not independent. Growth 
and development progresses in waves, because larger, more mature animals secrete 
growth inhibiting factors which delay development in smaller animals (Duellman and 
Trueb, 1986). In addition, as metamorphosis progresses, the animals convert from water 
breathing, herbivorous tadpoles to a ir breathing, carnivorous froglets. This lifestyle change 
necessitated removal of individuals from the exposure tanks upon foreleg emergence. 
Because of these factors, statistical analysis could not be performed on the mortality and 
developmental data. The data were instead examined for the presence o f clear trends.
Results
Both egg masses had the highest mean mortality in the control groups fed 
untreated food (52 and 42 %, respectively). Mortality in the solvent control was not 
markedly different from that of the other treatments. The lowest mortality (21 %) was seen 
in the group fed low dose PCB in egg mass 2. For both egg masses, mortality among all 
groups other than the untreated food group ranged from 22 to 38%. The removal of 
individuals for timed sacrifice and at metamorphosis prohibited statistical analysis o f 
mortality. With the exception o f the untreated food control, mortality appeared sim ilar 
among treatments. Mortality during the eight month experiment is summarized in Table 
15.
The effects of chronic dietary exposure to Aroclor® 1242 on R. sphenocephala 
metamorphosis differed between the egg masses. In the first egg mass, there was no 
apparent treatment effect. At termination, 17 of the surviving animals from the first egg 
mass had completed metamorphosis. There was no apparent difference among the 
treatments in the time to onset o f metamorphosis or in the number o f metamorphs at the 
end of the experiment (Fig. 19). The data are summarized in Table 16.
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Table 15. Percent mortality by treatment
Treatment Egg Mass #1 
replicates 1*4
Egg Mass #1 
Mean (s.d.)
Egg Mass #2 
replicates 1-4
Egg Mass #2 
Mean (s.d.)
Untreated food control 48 52 52 58 52(4.1) 58 35 53 23 42 (16)
Solvent control (ethanol) 48 12 36 36 34(15) 28 33 43 42 36 (7.2)
17f5-estradiol 20 22 34 14 22 (8.4) 27 30 13 33 26 (8.8)
10 ppm Aroclor® 1242 30 24 36 60 38 (16) 27 20 22 17 21 (4.2)
10 ppm Aroclor® 1242 24 26 22 54 32 (15) 18 18 17 43 24(13)
10 ppm Aroclor® 1242 28 22 22 54 32 (15) 55 33 38 18 36(15)
Table 16. Numbers of metamorphs in PCB and non-PCB treated groups at test
termination. Replicates denoted ( * ) indicate that the tank was discontinued 
due to mortality before the end of the experiment.
Treatment Egg Mass #1 
replicates 1- 4
Egg Mass #1 
total
Egg Mass #2 
replicates 1-4
Egg Mass #2 
total
Untreated food control 1 0 0  * 1 0 2 1 1 4
Solvent control (ethanol) 3 0 0 1 4 0 2 1 0 3
173-estradiol 0 0 0 3 3 1 1 1 * 3
10 ppm Aroclor® 1242 0 1 0  * 1 3 2 1 2 8
10 ppm Aroclor® 1242 0 1 1 3 5 1 4  0 1 6
10 ppm Aroclor® 1242 0 0 0 3 3 2 6 2 4 14
In the second egg mass, PCB exposure appeared to have a stimulatory effect on 
metamorphosis. O f the surviving animals, 38 completed metamorphosis by the end o f the 
experiment. PCB exposed groups produced 28 o f the metamorphs, 14 of which were from 
the high dose treatment group. The non-PCB exposed groups produced only 10 of the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
68
Figure 19. Percent metamorphosis vs. treatment: Egg mass 1. Percent 
metamorphosis is expressed as the percentage of survivors completing 
metamorphosis by the end o f the exposure period. This corrects for 
differences in mortality.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(sjOA|Ajns jo  % se) st|cLiouie|a|N
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
TR
EA
TM
EN
T
6 9
metamorphs (Table 16). These data were corrected for mortality by expressing it as a 
percentage o f survivors (Fig. 20).
In addition to an apparent increase in the number o f metamorphs from the second 
egg mass, high dose treatment with Aroclor® 1242 appeared to hasten the onset of 
metamorphosis in these animals. The first tadpole to complete metamorphosis, at 
approximately 130 days post-hatch, was in the medium dose treatment group. This animal 
was quickly followed by a group of tadpoles from the high dose treatment group. Another 
two weeks were required for the other treatment groups to achieve the rate o f 
metamorphosis occurring in the high dose treatment group. These trends are illustrated in 
Figure 21.
Discussion
Larval culture density is a major factor which influences tadpole mortality 
(Schmuck et al., 1994; Martinez et al., 1996). The overall mortality rates experienced in 
this study were within expected ranges fo r the tadpole density (maximum 5 o r 6 
tadpoles/L) of the exposure tanks (Dr. Avery W illiams, personal communication). Dr. 
W illiams, an amphibian biologist at Louisiana State University at Eunice, recommends a 
tadpole density o f 1-2 tadpoles/L for maximum survival of this species. The tadpole 
density used was not extreme, however. Guidelines outlined by The National Research 
Council (1974) for R. pipiens aquaculture recommend 4-6 tadpoles/L as they near 
metamorphosis. Although a lower tadpole density might have decreased mortality, space 
requirements dictated that higher densities be used.
Mortality was not markedly different among any of the treatments, with the 
exception of the untreated food control. This indicates that the highest PCB dose was 
within the sublethal range. The apparent increase in mortality in the untreated food control 
tanks might be attributed to a more deficient diet. The ethanol which was used as a carrier
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Figure 20. Percent metamorphosis vs. treatment: Egg mass 2. Percent 
metamorphosis is expressed as the percentage o f survivors completing 
metamorphosis by the end o f the exposure period. This corrects for 
differences in mortality.
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Figure 21. PCB exposure vs. time to metamorphosis: Egg mass 2. Time is expressed 
as number of days o f exposure.
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in the other treatments appeared to encourage the growth of heterotrophic 
microorganisms which the tadpoles may have used as a supplemental food source. An 
earlier attempt at exposure, in which a larger amount of ethanol was used, was dismantled 
due to extreme overgrowth of heterotrophic microorganisms in all tanks receiving ethanol. 
Ethanol amounts were reduced in the current study.
The tanks receiving ethanol, regardless o f treatment, still had visible turbidity even 
after cleaning. Animals in these treatment tanks appeared more robust and healthy. Ranid 
tadpoles are filter feeders which graze on bacteria, protozoans, algae and small particles 
(Stebbins and Cohen, 1995). Although all tadpoles in this experiment were fed to satiation 
with untreated rabbit chow, the heterotrophic microorganisms might have been a richer or 
more palatable food. It has been reported (Kupferberg et al., 1994; Kupferberg ,1997) 
that the quality of algae as food for tadpoles varied among taxa. Furthermore, in choice 
experiments, tadpoles selectively consumed growth promoting algal foods (Kupferberg, 
1997).
Overall, the percentage of animals completing metamorphosis was low. This may 
be attributed to a number of factors. Development o f anuran amphibians is highly 
dependent upon temperature (Hayes et al., 1993). Although the temperatures were held at 
an acceptable level for maintenance of this species (National Research Council, 1974), 
the laboratory temperature was lower than the field temperature later in the season. In the 
wild, leopard frogs generally metamorphose in approximately three months. The exposed 
tadpoles began to metamorphose approximately four and a half months after hatching. 
This delay could be expected since field measurements at the collection site indicated that 
daytime summer temperatures of the shallows were approximately 28°C, whereas the 
laboratory water temperature was generally 18 - 22°C.
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Culture density is also an important factor affecting amphibian larval development. 
An inverse relationship has been demonstrated between the rate o f development through 
metamorphosis and larval culture density in many anuran species. Cummins (1989) 
reported that culture density was more important than water quality in influencing the 
growth rate of the common frog (Rana temporaria). Crowding was shown to slow the rate 
o f metamorphosis in the painted frog, Discoglossus pictus (Sammut and Schembri, 1991), 
the reedfrog, Hyperoliidae sp. (Schmuck et al., 1994), and the water frog, Rana perezi 
(Martinez et al., 1996). As previously discussed, the culture density used in this study was 
within published acceptable ranges for the leopard frog (National Research Council, 
1974). Although this density may not have been optimal for rapid growth and 
development, it was the most reasonable culture density for the reasons cited above.
The quality of the diet and the water may also have contributed to the prolonged 
larval duration. Food quality can influence the growth and development of amphibians 
(Kupferberg et al., 1994; Denver, 1997; Kupferberg, 1997). Although rabbit chow is not a 
natural diet for tadpoles, it is commonly used in amphibian aquaculture. Unlike a diet of 
boiled lettuce, a rabbit chow diet does not need to be supplemented w ith protein (National 
Research Council, 1974). In addition, the use of ground rabbit chow simplified the 
preparation of the contaminated food. It was easily measured, enabling PCB 
concentrations to be kept relatively consistent.
Flow-through water systems are optimal for amphibian culture as they prevent 
accumulation of toxic wastes and possible growth inhibiting factors (Culiey, 1991). 
Municipal water could not be used, as chlorinated water is toxic to tadpoles (National 
Research Council, 1974). For this experiment, water was drawn from a fresh water well, 
which may not have been able to support long-term flow-through. More importantly, flow­
through water could not be used in the current experiment because EPA guidelines strictly 
control the release of PCB contaminated water. All water from the treatment tanks was
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passed through a series o f filters before being discharged. Although the use o f a static 
renewal water system did not provide optimal water quality, experimental, logistical and 
safety considerations prohibited the use of re-circulated water in the exposure tanks.
Finally, larval development rate has been shown to be related to genetic variation. 
Schmidt et al. (1998) demonstrated significant differences in growth rates among pool frog 
(Rana lessonae) polymorphs. Sim ilar genetic effects on growth rates and metamorphosis 
have been documented in the European water frog complex, Rana esculenta (Ohler, 
1988; Hotz et al., 1999). Thus, some o f the difference in number o f metamorphs and rate 
of metamorphosis between the two egg masses may be a result of intraspecific variation.
Although laboratory conditions resulted in a low rate of metamorphosis, some 
developmental trends were observed. In the second egg mass, high dose treatment with 
Aroclor® 1242 appeared to increase the percentage of tadpoles completing 
metamorphosis. This result is sim ilar to that found by Rosenshield et al. (1999) who 
reported that northern leopard frog (Rana pipiens) and green frog (Rana clamitans) 
tadpoles exposed to PCB- 126 experienced a significant increase in percent 
metamorphosis with increasing concentration o f PCB- 126, up to 5 pg/L. The authors also 
report significant intraspecific differences between clutches in some of the exposure 
parameters measured, including percent metamorphosis o f larvae. They attributed these 
differences to genetic variations within populations in terms of responses to PCB toxicity 
(Rosenshield et al., 1999). Similar results were seen in this study, as PCB exposure had 
no apparent effect on percent metamorphosis o f the tadpoles from the first egg mass.
In addition to increasing the number o f tadpoles completing metamorphosis, high 
dose treatment with Aroclor® 1242 appeared to hasten the onset o f metamorphosis in 
tadpoles from the second egg mass. This result is contrary to the results o f Rosenshield 
et al. (1999), who reported that exposure to PCB-126 did not affect time to 
metamorphosis. This could possibly be due to their use of a single congener. In this study,
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the complete Aroclor® formulation was used, as PCBs generally occur as complex 
mixtures of congeners. The effects of PCBs are due to the activities of the individual 
congeners present (Moore et al., 1997). It is therefore possible that the observed change 
in the time to metamorphosis is due to the effects of a congener other than PCB- 126.
Recent studies support the finding that Aroclor® 1242 altered the rate of 
metamorphosis in exposed tadpoles. Cheek et al. (1999) reported that northern leopard 
frogs exposed to the organochlorine herbicide acetochlor experienced accelerated 
forelimb emergence. American toad tadpoles (Bufo americanus) exposed to 
tetrachlordibenzo-p-dioxin (TCDD) tended to metamorphose earlier than non-exposed 
tadpoles (Jung and Walker, 1997).
This apparent stimulatory effect on metamorphosis in conjunction with 
organochlorine exposure may be the result of an endocrine disrupting effect on one or 
more hormonal axes. Anuran metamorphosis is a complex process controlled primarily by 
thyroid hormones (Duellman and Trueb, 1986). Evidence exists that corticosterone may 
induce the degenerative stages o f metamorphosis, such as tail degeneration and larval 
gut regression (Hayes, 1995b). Studies have shown synergistic effects between 
corticosterone and the thyroid hormones as well (Hayes and Wu, 1995). The role of 
gonadal steroids in metamorphosis remains uncertain, with some authors reporting 
gonadal hormone stimulation o f metamorphosis while others report inhibition (Gray and 
Janssens, 1990).
Environmental toxicant exposure has been implicated in disruption of these axes. 
Rat thyroid glands which were exposed to PCBs exhibited ultrastructural follicular lesions. 
Serum thyroxine levels were reduced as well (Collins et al., 1977). Recent work has 
demonstrated that alachior and acetochlor potentiate leopard frog forelimb emergence in 
the presence of tri-iodothyronine (T3). Furthermore, after priming with T3, treatment with 
acetochlor in combination with T3 was more potent at inducing forelimb emergence than
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T3 alone. This supports the hypothesis that environmental chemicals may modulate the 
effects of thyroid hormones during metamorphosis (Cheek et al., 1997; Cheek e t al., 
1999).
Corticosteroids are involved in the general stress response and have been shown 
to be elevated in response to environmental factors such as crowding, pond evaporation, 
and increased predation. In these cases, elevation of corticosterone is associated with 
accelerated metamorphosis (Denver, 1997). Treatment o f tadpoles with corticosterone in 
the presence of T3 caused an acceleration o f fore limb emergence (Kaitenbach, 1996) 
similar to that observed by Cheek et al. (1999) in response to acetochlor in the presence 
of T3. However, when Cheek et al. (1999) exposed tadpoles to corticosterone, it inhibited 
leopard frog forelimb emergence. The authors attributed these differences to the stage 
and species specific nature o f corticosterone effects on metamorphosis (Cheek e t al., 
1999).
Anthropogenic chemicals can also affect the corticosterone axis. Organochlorine 
pollutant exposure was associated with a reduced response o f the mudpuppy, Necturus 
maculosus, interrenal gland to stimulation with adrenocorticotropic hormone (ACTH). In 
addition, mudpuppies from polluted sites demonstrated deficiencies in the ability o f the 
“stress" axis to recover from the initial stress of capture (Gendron et al. 1995). Hayes et 
al. (1997) demonstrated that treatment of Senegal walking frog, Kassina senegalensis, 
tadpoles with corticosterone produced a mandibular defect identical to one which had 
been reported in the common frog, Rana temporaria, in response to DDT exposure 
(Cooke 1970,1973). The authors suggest that the sim ilarities in effects between DDT 
exposure and corticosterone treatment could be due to DDT acting as a corticosterone 
“mimic", binding directly to the corticosterone receptor. Alternatively, DDT may act as an 
environmental stressor, stimulating increased production o f corticosterone, which then 
modulates the defective mandibular development. DDT and PCBs are chemically sim ilar.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
7 7
The accelerated metamorphosis associated with PCB exposure in this study may, 
therefore, be the result o f a sim ilar mechanism.
The role of gonadal sex steroids in amphibian metamorphosis is unclear. A single 
study reported that estrogens enhanced T4 action in the toad, Bufo bufo (Frieden and 
Naile, 1955). Gray and Janssens (1990) report that both testosterone and 17{3-estradiol 
inhibited T3-induced metamorphosis in African clawed frog, Xenopus laevis, tadpoles. 
Hayes et al. (1993) reported sim ilar inhibition o f growth and development in tadpoles o f 
the toad, Bufo boreas, by testosterone and 17(5-estradiol. The effects, however, were 
temperature dependent. At low temperatures (22°C), testosterone induced early foreleg 
emergence. It is interesting to note that temperatures in the current experiment were 
generally 22°C or lower. In light o f these conflicting findings on the role of sex steroids in 
metamorphosis, it is difficult to interpret the effect of Aroclor® 1242 exposure on sex 
steroid mediated metamorphosis.
Developmental time in amphibians is somewhat flexible. Tadpoles living in a 
stressful environment, such as a temporary pool which is drying up, can speed up 
metamorphosis to escape desiccation (Denver, 1997). Accelerated metamorphosis is not 
without costs, however. Decreasing the length o f the larval period may reduce the size at 
metamorphosis, thereby compromising fitness (Newman, 1992, Denver, 1997). 
Accelerated metamorphosis in response to pollutants might, therefore, result in the 
emergence of smaller, less fit froglets.
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CHAPTER VI
EFFECTS OF PCB EXPOSURE ON SEXUAL DIFFERENTIATION 
Introduction
Organochlorine pollutants have been implicated in disruption of the endocrine 
system of exposed animals (Korach et al., 1988; Reijinders et al., 1992; Jansen et al., 
1993). The role of the reproductive axis in the differentiation of amphibian gonads is well 
documented (Puckett, 1939, 1940; Lofts, 1974; Hayes, 1998). Several studies report that 
exposure to organochlorine pollutants results in feminization of developing embryos (Fry 
and Toone, 1981; Bergeron et al., 1994; Guillette et al., 1994). The objective o f this 
portion of the study was to determine whether chronic dietary exposure to PCBs affects 
sexual differentiation in anuran larvae.
Methods
Upon sacrifice, the body cavity of each tadpole was opened with a scalpel and the 
tadpole was placed in a 20 ml scintillation vial containing approximately 10 ml of Bouin's 
solution. After fixing for 48 hrs, the tadpoles were rinsed with three water washes o f one 
hour each and stored in 70% ethanol (EtOH). Tadpoles were staged, dissected, and 
grossly sexed under a dissecting microscope. The mid-dorsal region containing the 
gonads was trimmed, cassetted, and stored in 50% EtOH. The tissues were washed 
overnight in running water, followed by an EtOH/ lithium wash to remove the remaining 
Bouin’s solution. They were then stored in 70% EtOH.
Following dehydration in a series o f Tissuedry® rinses and clearing in Tissueclear 
III®, tissues were infiltrated with Tissueprep® embedding compound (paraffin; Fisher
78
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Scientific) using a Shandon Hypercenter XP. Embedding was done with a Tissuetek® 
(Miles Scientific) equipped with dispensing and cryoconsoles set at 60°C and -5°C, 
respectively. Frontal sections (5pm) were cut on an American Optical “820’  Spencer 
microtome and stained with Hams' hematoxylin and eosin Y using a Shandon Vari-Stain 
24. After coverslipping with Preservaslide® (EM Science), the slides were examined 
under a light microscope for the presence o f oocytes. Animals whose gonads contained 
oocytes were classified as female. Animals lacking oocytes were classified as 
undifferentiated/presumptive male.
Statistical analysis of treatment effect on sex ratio was in accordance with 
recommendations for assessment o f chronic toxicity and sublethal effects (Newman, 
1995). In this analysis, alteration of gonadal differentiation was considered a sublethal 
effect. Using the Statistical Analysis System (SAS®), the data were tested for normality by 
the Shapiro-Wilk’s Test, which is more sensitive to deviations at extremes than x2. which 
is more sensitive to the less crucial deviations at the distribution center (Newman, 1995). 
Homogeneity of variances was tested using Bartlett’s Test. Sex ratios between treatment 
groups were compared using analysis of variance (ANOVA, general linear model). Sex 
ratios of all treatments were compared to the untreated control and the solvent control 
using a Dunnett's one wayT-Test (Newman, 1995).
Many studies o f sex ratios analyze data using a chi-square test or a modified chi- 
square test (G-test) (Takase, 1998; Portelli et al., 1999). These tests are useful to assess 
the goodness of fit of the observed frequencies to an expected frequency (Sokal and 
Rohlf, 1995). Therefore, to facilitate comparisons with other studies, the sex ratio data 
was also analyzed using the replicated goodness o f fit test (G-statistic) according to the 
methods of Sokal and Rohlf (1995). The G-test is more appropriate than the chi-square 
test for replicated data because chi-square values are not completely additive (Sokal and 
Rohlf, 1995).
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Results
Histological examination o f the tadpoles revealed that sexual differentiation o f the 
gonads had begun very early in development. With only two exceptions, in which there 
were no germ cells present, gonads could be sexed histologically by Gosner stage 26. 
Tadpoles with gonads lacking identifiable germ cells were classified as undifferentiated. 
Tadpoles whose gonads had a characteristic, lobular structure with identifiable germ cells 
and lacked oocytes were classified as presumptive male (Fig. 22 a.b). In each egg mass, 
a sequence of ovarian maturation was evident. Gonads ranged from very early oocyte 
development, through various intermediate stages, to fully developed ovary (Fig. 23 a-d). 
In this study, tadpoles containing even a single definitive oocyte were classified as female.
The effects of chronic dietary exposure to Aroclor® 1242 on R. sphenocephala 
gonadal differentiation differed between the egg masses. Histological examination of 
tadpoles resulting from the firs t egg mass revealed all female progeny, regardless of 
treatment group. The single exception was the estrogen treatment group, which produced 
six presumptive males, out o f 51 tadpoles (88 % female). Statistical analysis was not 
performed on these data, as the total lack of variance in the other treatment groups would 
make the estrogen treatment statistically significant, regardless o f biological significance. 
The data are summarized in Table 17. Exposure to Aroclor® 1242 had no apparent effect 
on sex ratios of developing tadpoles from this egg mass.
In the second egg mass, treatment did affect the sex ratios o f developing tadpoles. 
Estrogen treatment produced almost all females ( 94 %). Treatments receiving Aroclor® 
1242 at 100 ppm and 1000 ppm produced 85 and 88 % females, respectively. These data 
are summarized in Table 18 and illustrated in Figure 24. These results were significantly 
different from the proportion o f females in the untreated control (a  = .05) when analyzed 
using a SAS- based one-way ANOVA. Comparison o f all treatments to the untreated 
control using a one way Dunnett's T-test (SAS, a  = .05) indicated that the proportion of
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Figure 22. Frontal sections (5pm) of tadpoles with undifferentiated/ presumptive 
male gonads. Both tadpoles are from egg mass 2. (Magnification = objective 
X camera X scanner.)
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a.) undifferentiated tadpole from a high 
dose treatment; Gosncr stage 27 
(magnification: 590X)
b.) male tadpole from a low dose 
treatment; Gosner stage 34 
(magnification: 369X)
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Figure 23. Frontal sections (5pm) of tadpoles illustrating the ovarian maturation 
sequence. All tadpoles pictured are from egg mass 2. (Magnification = 
objective X camera X scanner.)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
a.) tadpole from an estrogen treatment. b.) tadpole from an estrogen treatment.
Gosncr stage 37 (magnification: 590X) Gosner stage 27 (magnification: 590X)
c.) tadpole from an estrogen treatment. d.) tadpole from an estrogen treatment.
Gosner stage 28 (magnification: 590X) Gosner stage 44 (magnification: 590X)
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females in the solvent control and 10 ppm treatment groups did not differ significantly 
from that of the untreated control.
Table 17. Effect of treatment on sex ratios of developing tadpoles: Egg mass 1.
Ratios are expressed as number o f females/number of males. Replicates 
denoted ( * ) indicate that the tank was discontinued due to high mortality 
before the end of the experiment.
Treatment Replicate
1
Replicate
2
Replicate
3
Replicate
4
Total %
Female
Untreated food control 3 /0 1 /0 2 /0 * 6 /0 100
Solvent control (ethanol) 1 /0 17 /0 8 /0 8 /0 3 4 / 0 100
173-estradiol 1 2 /2 1 2 /0 7 /3 14/1 4 5 / 6 88
10 ppm Aroclor® 1242 1 2 /0 1 0 /0 9 /0 * 31 / 0 100
100 ppm Aroclor® 1242 14 /0 1 1 /0 15 /0 * 4 0 / 0 100
1000 ppm Aroclor® 1242 1 0 /0 1 4 /0 1 2 /0 * 3 6 / 0 100
Table 18. Effect of treatment on sex ratios of developing tadpoles: Egg mass 2.
Ratios are expressed as number o f females/number of males. Replicates 
denoted ( * ) indicate that the tank was discontinued due to high mortality 
before the end of the experiment.
Treatment Replicate
1
Replicate
2
Replicate
3
Replicate
4
Total %
Female
Untreated food control 1 / 2 7 /5 3 /1 1 /1 1 2 /9 57
Solvent control (ethanol) 8 /6 10 /4 6 /2 7 /1 31 /13 70
173-estradiol 14 /2 1 3 / 0 6 /0 * 3 3 / 2 94
10 ppm Aroclor® 1242 8 /7 1 5 / 7 1 4 / 7 4 / 4 41 /2 5 62
100 ppm Aroclor® 1242 16 /3 1 6 / 4 7 / 1 6 /0 4 5 / 8 85
1000 ppm Aroclor® 1242 2 /1 1 0 /2 7 /0 17 /2 3 6 / 5 88
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
84
Figure 24. Effect of PCB exposure on sex ratio: Egg mass 2.
• = significant difference (a = 0.05) from solvent control ratio by both
ANOVA (Newman, 1995) and the replicated goodness o f fit test (G- 
statistic; Sokal and Rohlf, 1995)
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Since all PCB dosed animals were exposed to ethanol and the mortality in the 
untreated control treatment groups was high, Dunnett's Test was also used to compare 
the treatments to the solvent control treatment group. In this comparison, the proportion of 
females in the estrogen and high dose PCB treatment groups remained significantly 
different (a = 0.05). The proportion o f females in the medium and low dose PCB treatment 
groups did not differ significantly from that o f the solvent control.
Analysis of the sex ratios using Sokal and R ohlf s (1995) replicated goodness o f fit 
test (G-statistic) indicated that the outcomes of all the replicates within treatment groups 
were homogenous. The frequencies observed in the untreated control and the solvent 
control did not deviate significantly from a 1 : 1 male : female ratio (a = 0.05). When the 
observed frequencies obtained from the treatment groups were compared to the ratio of 
the solvent control group, only the estrogen and the high dose PCB groups were 
significantly different (a = 0.05). Although the medium PCB dose approached 
significance, at a  = 0.05, neither the low or the medium dose PCB groups deviated 
significantly from the solvent control ratio.
In addition to the female bias associated with PCB exposure in the second egg 
mass, treatment with Aroclor® 1242 at 100 ppm or above produced five animals with 
asynchronous gonads. This condition was characterized by gonads which were not sim ilar 
in histological appearance. Asynchrony occurred in two general forms. In the more 
common form, one gonad had clearly defined oocytes, while the other gonad appeared to 
be a presumptive testis. Four of the five tadpoles with asynchronous gonads were o f this 
type. They are illustrated in Figure 25 a-d. The fifth animal with asynchronous gonads had 
one well developed ovary and one very immature ovary. This is illustrated in Figure 26. 
Asynchronous gonads were not seen in tadpoles from any other treatments.
Developmental stage did not appear to have a major impact on the sex ratios. In 
the first egg mass, all of the tadpoles were female, regardless o f stage. The only
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Figure 25. Frontal sections (5pm) of tadpoles with asynchonous gonads 
(male/female). All tadpoles pictured are from egg mass 2. (Magnification = 
objective X camera X scanner.)
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a.) tadpole from a high dose treatment. 
Gosner stage 36 (magnification: 148X)
c.) tadpole from a high dose treatment. 
Gosner stage 31 (magnification: 148X)
b.) tadpole from a high dose treatment. 
Gosner stage 27 (magnification: 369X)
d.) tadpole from a medium dose treatment. 
Gosner stage 30 (magnification: 369X)
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Figure 26. Frontal section (5pm) of a tadpole with asynchronous gonads 
(mature/immature). Tadpole pictured is from a high dose treatment tank, 
egg mass 2. Gosner stage 27 (magnification: 148X). Magnification = 
objective X camera X scanner.
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exceptions were found in the estrogen treatment group. This group produced six 
presumptive males. Of these, only one was above stage 27 (Appendix llll).
The effect of developmental stage on sex ratios was difficult to assess 
quantitatively in the second egg mass. Tadpoles in all of the treatment groups ranged in 
development from Gosner stage 25 to 44 (Appendix III). This resulted in few individuals in 
various stage classes. Histological sex was easily determined in all but a few o f the most 
immature animals, however. In general, all early stages (Gosner 25 to 28) were biased 
toward females. This bias seemed to lessen in the later stage animals (Gosner 29+) from 
the control, solvent control, and to some extent, the low dose PCB groups. In the medium 
and high dose PCB groups, the apparent female bias remained throughout all stages. The 
strongest trend seen was in the estrogen treatment group. This group produced only three 
males (out of twenty one total). None o f the males were more developed than stage 28. 
These results are summarized in Table 19.
Table 19. Developmental stages of tadpoles (Gosner, 1960). Numbers reported are 
the number of tadpoles at each stage by sex (F=female; M=male). For 
individual values see Appendix III.
Control Solvent
control
Estrogen Low 
dose PCB
Medium 
dose PCB
High 
dose PCB
Stage F M . ,F M - F r - M F' M F . M F M
25-28 9 5 19 7 18 3 23 12 22 7 17 3
29-32 1 1 3 5 5 0 10 7 13 1 5 2
33-36 2 3 3 1 1 0 1 3 2 0 3 2
37-44 0 0 1 0 3 0 7 3 6 1 8 1
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Discussion 
Sexual differentiation
In this study, tadpoles containing even a single definitive oocyte were classified as 
female. This decision was supported by the observation that young, intermediate gonads 
containing few definitive oocytes were often extremely meiotically active, with 
chromosomes in various stages o f replication. The gonads of the presumptive male class, 
however, were usually meiotically quiescent, even in later stages of larval development 
and metamorphosis.
This finding is consistent with earlier descriptions of anuran gonadal maturation, in 
which females matured before metamorphosis and males remained in an undifferentiated 
state until a later time (Puckett, 1940). Germ cell proliferation has been reported to be 
higher in female amphibians than in males (Witschi, 1929b; Ijiri and Egami, 1975). W itschi 
(1929a) also reported meiotic division at an early age to be a major characteristic of 
ovarian development.
Histological examination o f tadpoles from this study revealed a difference between 
the clutches in gonadal differentiation. The first egg mass produced all female progeny, 
except for the estrogen treatment group. The second egg mass, however, produced 
progeny that did not differ significantly from the expected 1 : 1 male to female ratio. The 
occurrence of female biased R. sphenocephala progeny was rather surprising, but not 
unprecedented in ranid frogs. W itschi (1921, 1929b, 1930) reported that local populations 
of R. temporaria belonged to one o f three classes. The differentiated class possessed 
indifferent gonads which developed into testes or ovaries directly. In the undifferentiated 
class, ovaries developed directly from indifferent gonads but testes first passed through 
an ovarian phase, developing through transformation of the gonads after metamorphosis. 
Thus, in the undifferentiated class, all animals metamorphose with ovaries. The 
semidifferentiated class was intermediate, with testes differentiating through an
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intersexual phase. Similar accounts of atypical gonadal differentiation have been reported 
for a number o f anurans, including species within and outside the Ranidae (Hayes 1998, 
for review).
The observations in this study indicate that gonadal differentiation in the first clutch 
is sim ilar to the undifferentiated pattern, while differentiation in the second clutch follows 
the differentiated pattern. Takase (1998) recently documented sim ilar differences between 
local populations of the Japanese wrinkled frog, Rana rugosa. The gonadal differentiation 
patterns of intraspecific hybrids suggested that the type of gonadal differentiation is 
influenced by the genetic background of both the maternal and paternal parent (Takase, 
1998). Although most reports o f intraspecific races involve frogs from different localities, 
distinct, sympatric morphotypes can successfully partition breeding sites and co-exist 
without hybridizing (McDiarmid, 1995). Future collections from the site are planned to 
verify the co-existence o f the races.
Various mechanisms have also been reported to affect gonadal sex of 
amphibians. Spontaneous sex reversion, or sequential hermaphroditism, has been 
reported in anurans. Crew (1921) described a sex reversed female common frog, Rana 
temporaria, that was behaving and functioning as a male, successfully fertilizing eggs. 
More recently, sim ilar accounts o f protogynous sex change have been reported in the 
reed frog, Hyperolius viridiflavus. In this case, the sex reversed females were known to 
have laid clutches of eggs before developing secondary sex characters and engaging in 
male behavior. These neomales also successfully fertilized eggs (Grafe and Linsenmair, 
1989). The aforementioned studies reported the functional and gonadal sex o f adults. The 
frogs in the current study were larvae or new metamorphs. It is therefore unlikely that they 
were sex reversed in the manner described above. The ultimate gonadal fate o f the 
tadpoles in this study is unknown, however, as none were followed beyond 
metamorphosis.
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Temperature o f rearing water has been reported to affect sex differentiation in 
amphibians (Hayes, 1998; Wallace et al., 1999, for reviews). In general, high 
temperatures masculinize ranid larvae while low temperatures result in feminization 
(Wallace et al., 1999). It is unlikely that the sex of the tadpoles in this study was 
significantly influenced by temperature. Hayes (1998) points out that the temperatures 
which resulted in altered sex ratios were outside the range of temperatures normally 
encountered by the test species. When these same species were reared at more realistic 
temperatures, a 1:1 sex ratio was obtained (Hayes, 1998). The rearing temperatures in 
the present study did not deviate from temperatures normally encountered by local 
southern leopard frogs. Laboratory temperatures (in tank) generally ranged from 18 - 
22°C, with occasional high temperatures of 24 °C. The eggs used in this study were 
collected in late March when the water temperature was approximately 18°C. A trip to the 
collection site the following year revealed leopard frog egg masses in 8°C water, 
indicating that cold shock induced alterations in sex ratio, as reported in the northern 
leopard frog, Rana pipiens, by Humphrey et al. (1950), are highly unlikely. In July, when 
the frogs at the collection site were beginning to metamorphose, the temperature o f the 
water was 28.5°C. Laboratory temperatures were well within natural temperatures 
experienced by leopard frogs in Virginia.
All female, or parthenogenetic, species, have been documented for many 
vertebrate classes, including fishes, lizards and snakes (Campbell et al., 1999). Among 
amphibians, parthenogenesis is well documented (Hayes, 1998, for review). W hile 
polyploidy is well known in anurans such as the cryptic tree frog species (Wasserman, 
1970; Bogart and Tandy, 1976), there have been no reports o f parthenogenetic frogs 
(Hayes, 1998). The possibility o f the first clutch belonging to such a species is intriguing. 
The production of a few males from this egg mass by exposure to estrogen does not rule 
out parthenogenesis. Wibbels and Crews (1994) demonstrated that the parthenogenetic
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whiptail lizard, Cnemidophorus uniparens, could be induced to differentiate as males 
when treated with an aromatase inhibitor. This indicated that the genes for male sexual 
differentiation had not been lost in this species (W ibbels and Crews, 1994).
Treatment effects
The first clutch produced all female progeny, regardless of treatment. The single 
exception was the estrogen treatment group, which produced six presumptive males, out 
of 51 tadpoles. This result was statistically significant, given the total lack of variance in 
the other treatments. The biological significance is questionable, however.
While it appears paradoxical that estradiol treatment should produce males, this 
phenomenon has been described previously. In the Ranidae, low doses o f estradiol 
produce all females. High doses, however, produce all males (Richards and Nace, 1978). 
This paradoxical effect was confirmed in R. catesbeiana tadpoles by Hsu et al. (1978a, b). 
Because the progeny from this clutch were all female, exogenous estrogen may have 
acted additively with endogenous estrogens, making the total estrogen level high 
(masculinizing).
An alternative explanation of the presence of a few males in the estrogen 
treatment group relates to developmental stage. Only one o f the males produced was 
more developed than Gosner stage 27. Richards and Nace (1978) reported that the 
critical period for male sex determination in the northern leopard frog, Rana pipiens, is 
Taylor-Kollros (1946) stage IX (Gosner stage 34). One explanation might therefore be that 
the males observed were simply too immature to have been affected by the exogenous 
hormone. Given more time, they too would exhibit ovarian characteristics.
This seems unlikely, however, as there were many tadpoles in other treatment 
groups that were Gosner stage 27 or less. In addition many other stage 27 tadpoles from 
the estrogen group were identified as females (Appendix II). The fact remains that only
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tadpoles exposed to estrogen lacked ovarian characteristics. This result is puzzling. If the 
tadpoles were indeed males, previous studies suggest that they should have been 
feminized by the addition of exogenous estrogen. It is the natural females that should 
have been masculinized by additional (exogenous) estrogen. The six presumptive males 
may actually be natural females with a higher sensitivity to exogenous estrogen than their 
siblings. Further studies must be done to clarify this puzzling result.
A final explanation of the occurrence o f all females from the first egg mass is 
cross-contamination with estradiol. This is not likely. All objects which came in contact 
with the tadpoles, (such as feeding tubes, nets, and siphons) were color coded by 
treatment. These objects were shared by treatment groups from both egg masses. 
Therefore, if cross contamination had occurred throughout the first egg mass, it should be 
evident in the second egg mass as well. In addition, with only one exception (probably due 
to laboratory contamination), PCBs were not detected in tadpoles from the non-PCB 
treatment groups, indicating that cross contamination was not a widespread problem.
In the second egg mass, estrogen treatment produced almost all females. This is 
in agreement with previous studies reporting the effects of estrogen treatment on ranid 
larvae (Richards and Nace, 1978). Exposure to Aroclor® 1242 at 1000 ppm had a 
significant (a = 0.05) feminizing effect on the developing gonads. Aroclor® 1242 and 
specific ortho-substituted congeners are reported to be estrogenic, causing increased 
uterine weights in exposed rats (Jansen et al., 1993). Studies have shown that PCB 
metabolites bind to the estrogen receptor in mammals (Korach et al., 1988), but 
analogous receptors have not been found on amphibian gonads (Hayes, 1998). Although 
the mechanism governing the effects o f estrogen on the ranid amphibian gonad is 
unclear, the effects themselves can be documented. In this experiment, estrogenic activity 
is defined as producing a result similar to that o f estrogen treatment. Using that definition,
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the data support the hypothesis that Aroclor® 1242 could have estrogenic activity in 
developing tadpoles.
Although exposure to high doses of Aroclor® 1242 produced an altered sex ratio 
similar to the alteration seen in the estrogen treatment group, estrogenic activity is not 
conclusively proven. Differential mortality cannot be ruled out as a cause o f altered sex 
ratios. Few, if any, studies have reported differential mortality of amphibians in response 
to chemical exposure. Such a phenomenon has been reported in fish. Perkins et al. 
(1997) reported that male channel catfish (Ictalurus punctatus) suffered higher m ortality 
rates than females when exposed to copper sulfate. Because dead tadpoles were not 
sexed in this study, selective male susceptibility to PCB toxicity cannot be ruled out. In 
light of the effects of Aroclor® 1242 exposure on metamorphosis in these animals, 
disruption of the corticosteroid or thyroid axis can also not be ruled out. Hormones from 
these axes have been shown to induce feminization o f developing gonads (Hayes, 1998).
In addition to the female bias associated with PCB exposure in the second egg 
mass, treatment with Aroclor® 1242 at 100 ppm or above produced five animals with 
asynchronous gonads. Four of these animals possessed one well developed ovary and 
one presumptive testis. The fifth asynchronous animal had one well developed ovary and 
one very immature ovary, possibly indicating that the aberrance was due to a temporal 
disruption in maturation of both gonads. Jorgensen (1995) states that oogenesis proceeds 
synchronously in both ovaries, indicating that oogenic development is under systemic 
control. Environmental factors such as starvation and crowding are known to affect oocyte 
growth and maturation, presumably due to integration by the hypothalamo-pituitary axis 
(Jorgensen, 1995). Exposure to Aroclor® 1242 has been reported to alter the responses 
of cultured anterior pituitary cells to gonadotropin-releasing hormones, in a manner sim ilar 
to that of estrogen exposure (Jansen et al., 1993).
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Intersexuality, defined as producing gametes of both sexes, was reported in 
cricket frogs, Acris crepitans, in relation to contaminant exposure. This aberrant 
development occurred in two forms. In some cases, oocytes were interspersed among 
areas of normal spermatogenesis in gonads which were termed ovotestes. In other cases, 
the animal possessed an ovary on one side and a testis on the other side (Reeder et al., 
1998). Although the cricket frog study examined adult animals, the results appear to be 
similar to those found in this study.
It is difficult to assess the effect o f developmental stage on sex in this study. 
Several factors affect sexual differentiation in anuran amphibians. Richards and Nace 
(1978) reported that gonadal differentiation occurs in the northern leopard frog, Rana 
pipiens, between Taylor-Kollros (1946) stage I to VII (for females) or IX (for males). These 
stages correspond to Gosner stage 26 to 32 and 34, respectively (Gosner, 1960). 
Significant differences in maturation have been reported within and between species 
(Ohler, 1988; Schmidt et al., 1998; Hotz et al., 1999). In addition, there is the complicating 
factor of mode of sex differentiation (W itschi, 1921,1929a, 1930; Puckett, 1940).
Tadpoles in all of the treatment groups in this study ranged in development from 
Gosner stage 25 -  44. Many of the tadpoles in this study were immature (Gosner stage 
25-28). Using an operational definition o f female, namely the presence of at least one 
definitive oocyte, greatly simplified the sexing. Under this classification scheme, sex was 
easily determined histologically in all but a few of the most immature animals. The use of 
this classification was supported by the meiotic activity observed in immature gonads with 
few oocytes. Germ cell proliferation (W itschi, 1929a; Ijiri and Egami, 1975) and meiotic 
division at an early age (Witschi, 1929b) have been reported to be characteristics of 
ovarian development.
While the use of an operational definition of sex may seem like an 
oversimplification, the objective o f this study was not to characterize the timing or mode of
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sexual differentiation in southern leopard frogs. The stated purpose o f this study was to 
determine whether PCB exposure could produce effects similar to those seen in response 
to estrogen. All the treatment groups in this study contained tadpoles from across the 
developmental range, allowing comparisons to be made between the PCB treated and 
non-PCB treated groups. The endpoint in this study was sex ratio at time o f sacrifice. 
Whether any observed alterations o f sex ratio, relative to that o f the controls, are 
permanent is unknown, as no exposed tadpoles were followed beyond the final sampling 
date.
Given the operational lim its o f the study, exposure to high doses o f PCBs did 
produce an alteration in the sex ratio o f exposed tadpoles, in a manner sim ilar to estrogen 
exposure. The differences in sensitivity to PCB exposure between the egg masses may 
be attributed to intra-specific variation. Intra-specific genetic variability is a key factor in 
determining the genetic potential of a population to adapt to stressful environmental 
changes. Genetic variation for many larval amphibian traits which affect fitness has been 
documented (Travis et al. 1987, Newman 1988). Bridges (1998) assessed the genetic 
variability present in ranid tadpoles with respect to toxicant exposure. Using tadpoles from 
a single R. sphenocephala population, significant differences between full sibling fam ilies 
were found in their response to both lethal and sublethal levels of the agricultural chemical 
carbaryl. From this, it was concluded that significant genetic variation exists among R. 
sphenocephala families with respect to their sensitivity to environmental toxicants 
(Bridges, 1998). Rosenshield et al. (1999) also report significant differences between 
clutches of the same species in their responses to PCB- 126 exposure.
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CHAPTER VII
SEX RATIOS IN THE WILD
Introduction
The finding o f all female progeny from a southern leopard frog egg mass raised 
several interesting questions. Several natural phenomenon could explain the all female 
progeny. One possibility is that these tadpoles belong to an undifferentiated race. All 
tadpoles of this type have been reported to pass through an ovarian stage. Testes result 
from transformation of the ovaries after metamorphosis (Witschi 1921, 1930). Another 
possibility, though unlikely, is that they are progeny o f a parthenogenetic species. 
Although parthenogenesis has been documented in urodele amphibians, it has not been 
reported in anuran amphibians (Hayes, 1998). Possible laboratory conditions resulting in 
all female progeny include low (feminizing) rearing temperatures (Wallace et al., 1999), 
cold shock induced polyploidy (Humphrey et al., 1950), and cross contamination with 
estradiol.
The eggs in this study were obtained at a state fish hatchery. Although the site was 
verified to be relatively free o f organochlorine contaminants, it is a highly managed site. 
Steroid hormones are not used at this facility, but hatchery staff report the use o f several 
other chemicals. Among these are rotenone, an organophosphate herbicide (Round-up 
Pro®, Monsanto) and Aquashade®, an algal inhibiting dye containing acid blue 9 and acid 
yellow 23. Copper, although not used in Pond 21, was used in ponds connected to Pond 
21 via a central channel. Rania and Propper (1998) reported a strongly female biased field 
population o f bullfrog tadpoles, R. catesbeiana, from a fish hatchery in Arizona. This
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raised the possibility that one o f the chemicals used or some other, unidentified factor 
associated with a fish hatchery environment, might be contributing to the observed female 
bias. The objective of this portion of the study was to determine the sex ratio of newly 
metamorphosed leopard frogs at the fish hatchery and compare it to sex ratios obtained at 
non-fish hatchery sites.
Methods
On June 27, 1999 eighty-one newly metamorphosed (Gosner stage 42- 46) 
leopard frogs were collected from pond 21 at the Virginia Department o f Game and Inland 
Fisheries (VDGIF) fish hatchery in King and Queen County (Fig. 27). After being 
anesthetized overnight in ice water, the frogs were dissected and grossly sexed. They 
were then preserved in Bouin’s solution as described previously (see Ch. 6).
Upon receipt of updated permits from VDGIF and the College o f William and Mary 
Research on Animal Subjects Committee, five field surveys were conducted to assess the 
sex ratio of leopard frog populations at non-hatchery sites (Fig. 27, Appendix 1). One of 
these sites, the sand pits and swamps off of Ridge Road in Mathews County, was a site 
previously known to have a rich diversity of amphibians. In addition, locations in Hanover 
County with previous records o f amphibian populations, as reported by VDGIF personnel, 
were surveyed (Fig. 27, Appendix 1).
Results
Analysis of the newly metamorphosed frogs from the fish hatchery indicated a ratio 
of 43 females to 38 males. This ratio did not significantly deviate from an expected 50:50 
ratio when analyzed using the G-test for goodness of fit (Sokal and Rohlf, 1995). No 
amphibians were found at the Mathews County sites. There were no tadpoles or
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Figure 27. Field survey sites in Virginia (USA). Local maps of Mathews and 
Hanover counties are located in Appendix I.
Site Sampling Date Location
★ June 27,1999 Stevensville fish hatchery 
King and Queen County
1 July 29, 1999 Ridge Road sandpits/swamps 
Mathews County
2 August 07, 1999 Pond o ff Rte 615 
Hanover County
3 August 07, 1999 Pond o ff Rte 605 
Hanover County
4 August 07, 1999 Pond o ff Rte 606 
Hanover County
5 August 18, 1999 DeJarnette Park 
Hanover County
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metamorphs found at the Hanover County ponds. The only amphibians seen at these 
sites were two large unidentified frogs and one very small toad. The DeJamette Park site 
was very rich in pond fauna, such as fish, butterflies, dragonflies and turtles. Amphibians 
encountered were an adult leopard frog, an adult green frog, two large pre-hindlimb ranid 
tadpoles, and many adult and juvenile cricket frogs (Acris sp). There were no newly 
metamorphosed ranid frogs.
Discussion
Sex ratios obtained in field studies must be interpreted with a great deal of caution. 
Although sexual differentiation under normal rearing temperatures produces a 50 : 50 
ratio in most anuran species studied (Hayes, 1998), many factors affect the relative 
distribution of the sexes. Chief among these is seasonality. During the breeding season, 
the sex ratio of explosive breeding species is approximately 50 : 50. Species with 
prolonged breeding seasons, such as Rana sphenocephala, tend to have a predominantly 
male population at the breeding site (Stebbins and Cohen, 1995; Pough et al., 1999). 
Predation may also alter sex ratios, as calling males are more vulnerable to detection by 
predators (Pough et al., 1999).
Because the sampling period was after the breeding season and the frogs 
sampled at the hatchery were newly metamorphosed, the sex ratio obtained is probably a 
reflection of sexual differentiation. The occurrence o f a 50: 50 sex ratio at the hatchery 
does not support the theory that the all female progeny from egg mass one was due to a 
recurring site related factor. It must be noted, however, that the newly metamorphosed 
frogs were collected two years after the eggs used for the exposure study. It is possible 
that conditions at the hatchery had changed in that time. Other field conditions, such as 
temperature at and prior to the time o f the 1999 breeding are also unknown.
Developmental stage and sexing methodology could also play a role in the
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different sex ratios observed in the exposure study and the field collection. In the exposure 
study, tadpoles were sexed histologically. Females were defined as tadpoles having at 
least one definitive oocyte. The sex ratios obtained from PCB treated tadpoles were then 
compared to non-PCB treated tadpoles kept under the same conditions. In the field study, 
newly metamorphosed froglets were dissected and grossly sexed. Sex was determined by 
the anatomical appearance o f the gonad. If animals o f an undifferentiated race were 
present, it is possible that the transformation o f the gonads would be unidentifiable at the 
anatomical level.
It is unlikely that the all female progeny observed in the firs t egg mass resulted 
from laboratory conditions. This is discussed in detail in Chapter 6. Based upon the limited 
data obtained in this sampling season, individual variation is the most likely explanation 
for the female bias seen in egg mass one.
Few amphibians were seen in the late summer surveys. This is due to several 
factors. The surveys were conducted very late in the season. Most o f the tadpoles had 
completed metamorphosis and dispersal was well underway. In addition, Virginia 
experienced a severe drought in the summer of 1999. The water levels o f several sites 
were very low and many of the swamps at the Mathews sites were drying up. Very few 
adult amphibians were encountered at most o f the sites, regardless o f time of day.
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CHAPTER VIII
CONCLUSIONS
This study showed that tadpoles accumulate PCBs from contaminated food items. 
Metabolism of these compounds results in products sim ilar to those produced by exposed 
mammals. These hydroxylated metabolites can be identified by capillary gas 
chromatography and mass spectroscopy in their underivatized form. Based upon the 
variable GC/ELCD response factors, however, quantitation is questionable. Further 
optimization of the method evaluated is recommended.
In this study, intra-specific variation in response to an environmental contaminant 
seemed considerable. Tadpoles from one egg mass appeared sensitive to PCB exposure, 
while tadpoles from another egg mass did not. This suggests that parentage may play an 
important role in determining response to exposure to toxic compounds. Additionally, it 
suggests that Aroclor® 1242 was not a potent enough disrupter o f endocrine controlled 
events, such as sexual differentiation or metamorphosis, to overcome these genetic 
differences. To assess the effects o f exposure to a pollutant on a species level, a study 
using many more egg masses o f differing parentage must be designed. That was not the 
purpose of this study.
The objective of the current study was to determine the effects o f PCB exposure, if 
any, on sexual diffentiation and development in anuran larvae. The results of this study 
indicate that Aroclor® 1242 exposure can disrupt these endocrine controlled processes in 
sensitive animals. The concentrations used in this study, however, exceed levels of 
contamination likely to occur in the wild. Extrapolation of these results to a field situation
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should be done cautiously. Further studies using a larger number o f tadpoles from a wider 
sample of egg masses are recommended.
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Chapter IX
FUTURE RESEARCH
Further research is needed to understand the results of this study more fully. 
More accurate quantitation and determination of hydroxylated PCB metabolites in biota 
samples could be achieved by comparison to additional purchased or synthesized 
hydroxybiphenl congener standards. Several different method alterations, such as 
decoupling conjugated PCB metabolites and derivatizing unconjugated metabolites would 
increase the range of metabolites detected. Derivatizing has several additional 
advantages. Derivatizing agents can be chosen such that other halogenated metabolites, 
such as bromides or fluorides, may be included in the analysis. Furthermore, the use of 
derivatizing agents containing chlorine atoms could increase the response o f the 
metabolite in a halogen specific detector, such as the electrolytic conductivity detector 
(ELCD). This increased response would allow for lower detection limits. Alternatively, 
more sensitive detectors, such as an electron capture detector, could be used for 
analysis. Although these detectors are less specific than the ELCD, the increase in 
sensitivity might offset the increase in interference.
Given the complicated and often conflicting studies on sexual differentiation in 
anurans, it is vital to investigate the nature of sexual differentiation in Rana 
sphenocephala tadpoles. Studies of this nature must address the question o f tim ing of 
differentiation, as well as the presence or absence of different leopard frog races.
To address these questions, sub-samples from multiple egg masses per site 
should be reared simultaneously under identical conditions. This should lim it any site
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specific influences on sexual differentiation. Based upon the current study, at least two 
hundred eggs per mass should be collected. Assuming a ten percent mortality rate, this 
would allow approximately twenty-five animals to be sacrificed per each developmental 
period (defined as two Gosner stages). The analysis o f several sites will strengthen the 
applicability of any conclusions generated. Researchers must be cautioned, however, that 
significant genetic variation in timing of sexual differentiation has been documented within 
ranid species (Takase, 1998).
To achieve a ten percent mortality rate, several modifications in husbandry 
methods are recommended. Although space is a major consideration, individual housing 
could reduce the time to metamorphosis by alleviating intra-specific effects such as 
growth suppression and food competition. Even in animals housed together, decreasing 
larval rearing density can potentially reduce mortality. In addition, increasing the rearing 
temperature and supplementing the diet should decrease the time to metamorphosis, 
thereby further reducing potential mortality. Studies which do not involve the use o f 
contaminants can further decrease developmental time by using a flow-through water 
system. Use o f a flow-through system could dilute or remove growth-inhibiting factors.
These modifications can be accomplished by the use o f an artificial pond set-up as 
described by Pams (2000). Placing large tanks outside allows the tadpoles to develop 
under naturally encountered temperatures at lower rearing densities than can be 
practically achieved using aquaria. Diet can be supplemented by innoculating the “ponds” 
with leaf litter and plankton from natural ponds. Flow-through water renewal can be 
achieved by the use o f a slowly flowing water input and a stand-pipe.
Upon sacrifice, the tadpole gonads must be examined histologically throughout the 
larval period and past metamorphosis to determine a sequence of gonadal events. A 
study of this sort could also examine the likelihood o f parthenogenetic species o f leopard 
frogs. Collection o f fertile eggs from females raised in isolation can help confirm
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parthenogenesis. Alternatively, successful skin grafts between individuals can provide 
evidence of parthenogenesis, since all parthenogenetic progeny are genetically identical 
to their mother (Pough et al, 1999).
Another intriguing possibility raised by the current study is the existence o f some 
fish-hatchery related factor with the ability to influence sexual differentiation in larval 
anurans. To address this question, newly metamorphosed leopard frogs should be 
collected from several hatchery and non-hatchery locations. Frogs should be sexed 
histologically to determine the presence o f intersex or asynchronous gonads. Sex ratios 
can then be compared among the sites.
Researchers investigating this question must be cautious in design. As mentioned 
above, differences among sites, such as genetic composition and timing o f sampling can 
affect sex ratios. In addition, aquaculture practices, such as use of hormones and 
anthropogenic chemicals, may vary among hatcheries.
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